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Abstract

In the development of the current thesis we have addressed two different
although very related topics: analyzing and differentiating the microstructural changes
in the bones due to the heat treatment and/or to diagenesis and fossilization processes.

During the study of several human skeletal samples, we have observed that some
bones show modifications in colour, texture and morphology that could be interpreted
as alterations due to heat exposure. However, colours may also be due to bone
interaction with environmental materials. After burial, bone may be altered and may
change colour as a result of soil composition, sediment pH, temperature or moisture,
and the changes may occur in the bone tissue as ionic substitution

Thus, we need techniques that permit us to distinguish between diagenesis and
thermal treatment and, if possible, that differentiate the various partial thermal
exposures. However, as human skeletal materials showing this kind of treatment are
unique, these techniques should be as non-destructive as possible.

To address this type of analysis we used different physico-chemical and
spectroscopic techniques (XRD, FT-IR) that have produced important results, which
can be applied in various forensic, archaeological and paleontological contexts.

In relation to the analysis of burned bones, we can conclude that the analysis of
different contexts with burned bones permit us to affirm that the physico-chemical
techniques described here (XRD, FT-IR) can be used as a more accurate determinant of
crystallite change during heating, thus providing an additional means of determining the
effects of heat treatment on biogenic hydroxylapatite or tracing burning practices in the
forensic and archaeological records.

Therefore, the combined used of XRD, FT-IR and SAXS techniques is a
powerful tool to assess whether the bones have subjected to fire and, with fairly good
reliability, to which temperature. The application of these techniques to archaeological
context is useful to verify if a bone has been burned or not, find explanations to some
specific funerary rites, get a reasonably precise temperature range across the entire

body, temperature homogeneity throughout the skeleton and its duration.
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In spite of the powerful us of these techniques, it is not easily possible to
distinguish animal and human bones on the basis of powder diffraction patterns. A large
number of variables have to be taken into proper account. Therefore, any claims to be
able to distinguish animal and human bones should be treated with caution

In relation to the analysis of fossil bones, we can conclude that the combined
investigations and analyses by FT-IR, XRD and XRF techniques supplied detailed and
to a certain extent satisfactory accounts of the post-mortem integral changes to which
the fossil bones have been subjected during geological times. The crystallization
induced by just the time is overlapped by other factors depending on the geological
formation that may inhibit or enhance the process. The extreme variability of francolite
average crystallite size values suggests that correlation between crystallisation indices

and bone age has to be regarded with obvious caution.

Resum

En el desenvolupament de la present tesi s’han tractat dos temes diferents encara que
molt relacionats: I’analisi i diferenciacio dels canvis microestructurals en els 0ssos a
causa del tractament térmic i /o dels processos de diagénesi i fossilitzacid.

Durant l'estudi de diferents mostres d'esquelets humans, s'ha observat que alguns
0ssos mostren modificacions en el color, la textura i morfologia que es podrien
interpretar com alteracions per exposicio al calor. No obstant aixo, el color també pot
ser degut a la interaccié entre I’os i els diversos materials ambientals. Després
d'enterrament, I'os pot estar alterat i pot canviar de color com a consequéncia de la
composicio del sol, el pH del sediment, la temperatura o la humitat, i els canvis poden
ocorrer tant en el teixit ossi com en la substitucio ionica.

Per tant, es necessiten técniques que ens permetin distingir entre la diagénesi i el
tractament termic i, si és possible, que diferenciin les diverses exposicions termiques
parcials. No obstant aixo, ates que els materials esquelétics humans que mostren aquest
tipus de tractament sén Gnics, aquestes técniques han de ser el menys destructives

possibles. Per fer front a aquest tipus d'analisi es van utilitzar diferents técniques
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fisicoquimiques i espectroscopiques (XRD, FT-IR) que han produit resultats importants,
que es poden aplicar en diferents contexts forenses, arqueologics i paleontologics.

En relacio amb I'analisi d'ossos cremats, I'analisi dels diferents contexts amb 0ssos
cremats ens permeten afirmar que les técniques fisicoquimiques descrites aqui (XRD,
FT-IR) es poden utilitzar per a determinar de manera molt precisa els canvis dels
cristalls durant I'escalfament, proporcionant aixi un mitja addicional de determinar els
efectes del tractament térmic sobre la hidroxiapatita biogenica i detectar practiques de
cremacio en els registres forenses i arqueologiques.

Aixi doncs la combinacié de técniques de XRD, FT-IR i SAXS constitueix una
poderosa eina per avaluar si els 0ssos s'han sotmes al foc i, amb una fiabilitat bastant
bona, a quina temperatura. L'aplicacio d'aquestes tecniques al context arqueologic és til
per verificar si un os sha cremat o no, trobar explicacions a alguns ritus funeraris
especifics, obtenir un rang de temperatura raonablement precisa, determinar
I’homogeneitat de la temperatura en tot I'esquelet i la seva durada.

Tot i el seu innegable poder en I’estudi dels canvis dels cristalls d’hidroxiapatita, no
és possible distingir facilment els ossos animals i humans sobre la base dels patrons de
difraccié ja que s’han de tenir en compte un gran nombre de variables. Per tant, la
possibilitat aquesta I’Us d’aquestes técniques per distingir ossos d’animals i humans s’ha

de tractar amb precaucio

En relaci6 amb I'analisi d'ossos fossils, es pot concloure que les investigacions
conjuntes i les analisis amb FT-IR, XRD i XRF proporcionen informacié dels canvis
post mortem als que els ossos fossils han estat sotmesos durant els temps geologics. Cal
tenir en compte que la cristal-litzacié deguda al temps transcorregut es solapa amb altres
factors que depenen de la formaci6 geologica i que poden inhibir o potenciar el procés.
La variabilitat extrema dels valors mitjans dels cristalls de francolita suggereix que la
correlacio entre els indexs de cristal-litzacio i I'edat oOssia s'ha de considerar amb

precaucié obvia.

Resumen

En el desarrollo de la presente tesis se han tratado dos temas diferentes aunque
muy relacionados: el analisis y diferenciacion de los cambios microestructurales en los

huesos debido al tratamiento térmico y / o los procesos de diagénesis y fosilizacion.
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Durante el estudio de diferentes muestras de esqueletos humanos, se ha
observado que algunos huesos muestran modificaciones en el color, la textura y
morfologia que podrian ser interpretados como alteraciones por exposicion al calor. Sin
embargo, el color también puede ser debido a la interacciéon entre el hueso y los
materiales ambientales. Después de enterramiento, el hueso puede estar alterado y
puede cambiar de color como consecuencia de la composicion del suelo, el pH del
sedimento, la temperatura o la humedad, y los cambios pueden ocurrir tanto en el tejido
0seo como en la sustitucion ionica.

Por lo tanto, se necesitan técnicas que nos permitan distinguir entre la diagénesis
y el tratamiento térmico y, si es posible, que diferencien las diversas exposiciones
térmicas parciales. Sin embargo, como los materiales esqueléticos humanos que
muestran este tipo de tratamiento son unicos, estas técnicas deben ser lo menos
destructivas posible. Para hacer frente a este tipo de analisis se utilizaron diferentes
técnicas fisicoquimicas y espectroscépicas (XRD, FT-IR) que han producido resultados
importantes, que se pueden aplicar en diferentes contextos forenses, arqueoldgicos y
paleontoldgicos.

En relacién con el andlisis de huesos quemados, se puede concluir que el analisis
de los diferentes contextos con huesos quemados nos permiten afirmar que las técnicas
fisicoquimicas descritas aqui (XRD, FT-IR) se pueden utilizar para determinar de
manera muy precisa el cambio de cristales durante el calentamiento, proporcionando asi
un medio adicional de determinar los efectos del tratamiento térmico sobre
hidroxiapatita biogénica y detectar practicas de cremacion en los registros forenses y
arqueoldgicas.

Asi pues la combinacion de técnicas de XRD, FT-IR y SAXS constituye una
poderosa herramienta para evaluar si los huesos se han sometido al fuego y, con una
fiabilidad bastante buena, a qué temperatura. La aplicacion de estas técnicas al contexto
arqueoldgico es util para verificar si un hueso se ha quemado o no, encontrar
explicaciones a algunos ritos funerarios especificos, obtener un rango de temperatura
razonablemente precisa, determinar la homogeneidad de la temperatura en todo el
esqueleto y su duracion.

A pesar de su innegable poder en el estudio de los cambios de los cristales de
hidroxiapatita, no es posible distinguir facilmente los huesos animales y humanos sobre

la base de los patrones de difraccién ya que se deben tener en cuenta un gran nimero de
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variables. Por lo tanto, la posibilidad esta el uso de estas técnicas para distinguir huesos
de animales y humanos debe ser tratado con precaucion.

En relacion con el analisis de huesos fosiles, se puede concluir que las
investigaciones conjuntas y los andlisis con FT-IR, XRD y XRF proporcionan
informacion de los cambios post mortem a las que los huesos fosiles han sido sometidos
durante los tiempos geoldgicos. Hay que tener en cuenta que la cristalizacion debida al
tiempo transcurrido se solapa con otros factores que dependen de la formacién
geoldgica y que pueden inhibir o potenciar el proceso. La variabilidad extrema valores
medios de los cristales de francolita sugiere que la correlacion entre los indices de

cristalizacion y la edad 6sea debe considerarse con una precaucion obvia.
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1.1: Chemical bone structure

Bone mineral is a significant biomaterial with a range of uses across a number of
disciplines such as: Biomedicine, Archaeology, Forensic Sciences, Anthropology and
Paleontology.

Bone has a hierarchical structure composed of different structural units at
different size scales (Weiner and Traub, 1992). These units work in concert to perform
different functions and especially to impart good mechanical properties to the bone
(Rho et al., 1998; Weiner and Wagner, 1998; Currey, 2002).

The material is constituted by both organic (largely collagen, ~30 wt%) and
inorganic (largely calcium phosphate) components. Macroscopically a typical bone is
comprised of several different layers (the periosteum, cortical bone, and endosteum) and
different bone types (compact and cancellous). Microscopically, the mineral phase,
which accounts for 60-70 weight % (Wang et al., 2010) can be referred to as an impure,
nonstoichiometric and poorly crystalline form of hydroxylapatite (HA), with a basic
nanosized apatite structure of Cajo(PO4)6(OH), embedded in an organic matrix
(Weiner and Price, 1986; Wagner and Weiner, 1992; Weiner and Traub, 1992; D’Elia et
al., 2007; Etok et al., 2007; Mkukuma et al., 2004; Wang et al., 2010).

However, whereas hydroxylapatite as has a Ca:P ratio of 5:3 (1.67), bone
mineral itself has Ca:P ratios ranging from 1.37—1.87. This is because the composition
of bone mineral is much more complex and contains additional ions such as strontium,
magnesium, zinc and sodium substituting for calcium, and carbonate groups substituting

for phosphate PO, groups.
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Fig.1: Structure of the hydroxylapatite mineral (Representation obtained from:

http://www.minsocam.org/).

Figure 1 shows the arrangement of 4 molecules of hydroxylapatite
Cas(PO4)3(OH) that build the unit cell in a crystal. This means that the natural
bioapatite crystal may be envisaged as an ordered arrangement of such unit cell repeated
periodically along the three orthogonal spatial directions. Biological apatites of bones
are made by tiny microcrystals of apatite that have been shown to be of needle-like
shape having characteristic size length of the order from 50-60 A to 150-180 A (1 A =
10 cm).

A number of different factors can alter this mineral composition. One of the
more significant changes to the microstructure of bone (i.e. to its spatial extension)
occurs when this material is heated. Heated bone is one of the most challenging
osteological materials to study, since the process of heating produces a range of
complicated changes within the material already complex by itself.

Changes involving the structure and chemical composition of bones may also
occur during the fossilization process.

The full description of those two processes will be presented separately.
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1.2: Burned bones

The study of burned human remains is of considerable importance in
Archaeology, Forensic Science, Forensic Anthropology and crime scene investigation.
The ability to identify burning and burned bone in the forensic and archaeological
records has long been an important and contentious issue.

The presence of burnt bones in an archaeological site may be the result of
different anthropogenic behaviors. Their study provides information in broader areas
such as the use of space in prehistoric settlements (Bellomo, 1993), combustion
technology (Laloy, 1981; Théry Parissot, 1998; Costamagno et al., 1999), burial
practices (Susini 1988; Piga et al., 2010a; 2010b), taphonomy and knowledge of the
environment (Person et al., 1995, Shahack-Gross et al., 1997, Bennett, 1999).

Thermal treatment is, of course, related to multiple variables associated with
anthropological research; in other words, incineration of the body as a means of
disposing of the dead (Lopez et al., 1976; Carpenter et al., 2003), the incineration of dry
human bones found during an inhumation, or the roasting of body parts in the course of
a ritual or an act of cannibalism. The previously described alterations are related to
structural changes in the bone, associated with changes of texture and bone colour
(Pijoan et al., 2004).

Several techniques to determine burning or heating regimen used in archaeology
have been derived, with varying levels of success (Perinet, 1964; Shipman et al., 1984;
Parker, 1985; Chandler, 1987; Brain and Sillen, 1988; Nicholson, 1993; Stiner et al.,
1995). Determination of the temperature and duration of burning, as well as the
background noise of potential diagenetic effects (Bennett, 1999) would shed light on the
origin of early use of fire and cooking practices, cremation as a burial rite, and other
archaeological and paleoanthropological contexts (Enzo et al., 2007; Piga et al., 2008a;
2010a; 2010b)

More precisely know the temperatures at which a bone was subjected is an index
to better understand the modifications suffered by bone structures due to combustion
(March, 1996), to promote the differentiation between natural and anthropogenic
phenomena and to better interpret the techniques used by the people who use fire for

symbolic or funerary reasons.
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For example it appears particularly interesting to be able to assess the
temperature reached by the pyres used by civilizations within their funerary practices
and to estimate a possible time scale for the fire treatment of bodies (Piga et al., 2012).
This also represents useful information concerning the fire and materials technology
used in the past. In addition to this, an investigation of fire temperatures seems
advisable in order to confirm or reject the possibility of occasional non-ritualistic fires
in civilizations where the use of funerary rites has never been verified in depth (Piga et
al, 2008a).

Further, the effects of burning on bone specimens and the determination of the
techniques used are crucial in the resolution of forensic cases where cremation or other
fire damage to remains is present (Owsley, 1993; Murray and Rose, 1993; Holden et al.,
1995; Kennedy, 1996; Cattaneo et al., 1999).

An understanding of the changes that the body has undergone as a result of
burning can provide significant information regarding the context and conditions of the
burning event itself. Such crime scene information can include the temperature of the
fire, the position of the body in respect to fire and the eventual presence of accelerants.
Unfortunately, the act of burning also causes a number of substantial changes within the
skeleton, which in turn can affect attempts to provide an identification of the deceased.
Research has shown that both morphological and metric methods of anthropological
assessment are affected (Thompson, 2002; 2004), in addition to methods of dating
(Olsen et al., 2008), DNA extraction and stable isotopic analysis (an analytical
techniques of increasing importance in the forensic field) (Munro et al., 2007; Ubelaker,
2008).

Traditionally, a macroscopic inspection of the remains has been used to suggest
whether the bones have been subjected to fire (Holck, 1986; Eckert et al., 1988;
Etxeberria, 1994), and beyond this, associations have been made between bone colour
and fracturing with fire temperature and presence of soft tissues (McKinley, 2000;
Mayne Correia, 1997; Fairgrieve, 2008; Schmidt and Symes, 2008). Shipman et al.
(1984) devised five distinct groups based on the heating stages of bone tissue and the
resulting colours at different temperatures ranging from pale yellow through brown,

black, bluish grey, light grey and white.
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Nonetheless, it has been noted by a number of authors that colour is a poor
criterion in judging the degree of incineration and the examination of colour alone
cannot determine the attained temperature of a cremation pyre as heat varied throughout
the structure (Herrmann, 1977; Thompson, 2004). Furthermore the colour of bone may
have changed after deposition in the ground (Taylor et al., 1995). In fact, many
infiltrations are possible into the ground. An example would be the dark brown bones,
whose colour is due to manganese in the soil in which they were buried (Greenlee and
Dunnell, 1992; Shahack-Gross et al. 1997), but also the presence of iron, calcium
carbonate can color a bone. Brain and Sillen (1988) have used the carbon/nitrogen ratio
by examining a series of modern bones whose combustion temperature is known and
archaeological bones in which the surface is obscured by the CaCO, and from MnO,.
Comparing the results, they were able to differentiate the coloration due to heat and the
coloring due to the presence of manganese.

Stiner et al. (1995) investigated the relationship between four factors: the visible
changes of the color, changes in organic and mineral matter, alterations of the
mechanical properties of bone and the soil effects of on the buried bones. Shipman et al.
(1984) also studied four types of changes that occur during the combustion of the bones:
the change of color, the microscopic morphology, crystal structure and the reduction of
dimensions of the bones.

Nicholson (1993) applied the method of Shipman et al. (1984) on a series of

bones of mammals and non-mammals and compared the results obtained on
archaeological bones. Nicholson (1996; 1998) also studied experimentally the
diagenesis of unburned bone and of cooked or boiled bone. Person et al. (1996)
conducted an experiment of burnt bones, although in a different perspective, which
concerns the diagenesis of bone rather than combustion.
Bonucci and Graziani (1975) examined the effects of physical variables that could be
related to the color of fossil and sub-fossil bones (IV*~V™ century B.C). They defined
the temperature at which a bone has been exposed between of 200 and 650° C (£ 50°
O).

On the other hand, fragmentation, scratches and cracks are often due to thermal

treatments, but may also result from taphonomic processes. According Shipman et al.
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(1984), 645°C is the temperature, above which a bone becomes calcined, loses its
coherent structure and increases the hydroxylapatite crystals size.

However, between the various experimental studies, the conditions are not
similar. For the experiments are often used bones of mammals belonging to common
species (goat, sheep or cow). This is the case of Shipman et al. (1984), Brain and Sillen
(1988) and Shahack—Gross et al. (1997); Stiner et al. (1995) and Nicholson (1993)
instead of using organic bones addressed the study of several species of recent
mammals and non-mammalian bones (birds and fish). After being burned at the same
temperature, they concluded that the same thermal alteration process take place on bone
structure.

In addition there are significant variations between the color of bones of
different species burned at the same temperatures. Susini (1988) studied the thermal
behavior of the cortical bone of human adults calcined up to 1400°C. In this work, the
temperature and the duration of combustion varies greatly and thus can give different
results.

Furthermore, it has also been shown both experimentally and statistically that
the most important changes in bone that can predict burning contexts involve changes
within the skeletal microstructure (Thompson, 2005). At this microscopic scale, there
are two key features influenced by heating that are worth exploring: changes to the
elemental composition and changes to the crystalline structure of the bone. Although
changes to the elemental composition of bone have been successfully used to examine
heat-induced change (e.g.: Bergslien et al., 2008; Schurr and Hayes, 2008), more
information is known generally about the structure of bone than the elemental
composition, and therefore it makes most sense to focus efforts here at this current time.
In addition, understanding and manipulating heat-induced changes to the crystalline
structure of bone is important for a number of reasons: clinically to ensure that
biomaterials to be placed within the body have a similar crystalline structure to natural
bone (Nakano et al., 2002; Wang et al., 2010), and to understand the nature of
pathologies and diseases (Mkukuma et al., 2004).

Within the material sciences, crystallinity is related to solubility (Nakano et al.,
2002). Heating the biomaterial is one way to influence the degree of bone mineral

crystallinity. More generally an understanding of the influence of heating on
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crystallinity can be important for understanding diet, hunting practices and funerary
custom within archaeological contexts (Schiegl et al., 2003; Piga et al., 2010a; Piga et
al., 2010b; Squires et al., 2011; Thompson et al., 2011) or for determining whether
criminal activity has occurred and to aid in the identification process in forensic
scenarios (Thompson 2004; 2005). Note that other techniques such as mechanical
grinding can also be used to influence bone mineral crystallinity (Nakano et al., 2002;
Surovell and Stiner, 2001).

In recent decades, research and experience of cases have greatly increased the
ability to recognize and interpret the burnt bones. The ability to distinguish between
burned human remains and other materials, and the determination of the combustion
temperature, time duration and intensity distribution throughout the body after focusing
on microscopic changes in the bone may be important in various situations such as
accidents, suicides/homicides and studying the crime scene. Thus, new experimental
methods are needed to clarify the variety of factors that lead to varying levels of thermal
effects.

In addition to traditional research methods, the application of chemical and
physical techniques such as X-ray diffraction (XRD) and Fourier transform infrared
spectroscopy (FT-IR) is increasingly accepted in forensic contexts. X-ray diffraction
and FT-IR analysis have several significant advantages which are complementary for
our full understanding of the firing process whether in anthropological and forensic

contexts.

1.3: Fossil bones

Hard tissues such as bones and teeth are often the only direct fossil remains of
animals and humans and hence represent valuable archives for palaecoecology and
palaeoenvironment.

If the bones are not subjected to microbial or biotic erosion or the processes are
affected by drastic physical or chemical changes, fossilization may occur soon after
burial (Trueman and Martill, 2002; Pfretzschner, 2004; Farlow and Argast, 2006). Some

processes may occur to preserve rather than degrading fossils, particularly the
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incorporation of new ions into the crystal structure and/or recrystallisation of skeletal
apatite (Elorza et a., 1999; Hedges, 2002; Trueman and Tuross, 2002; Wings, 2004;
Farlow and Argast, 2006). These processes are mainly controlled by abiotic, physical
and chemical environmental soil conditions, particularly groundwater chemistry around
the buried bone material (Trueman et al., 2004; Wings, 2004; Tiitken et al., 2008).

The bone and tooth microstructure is often well-preserved down to the pm-scale
in fossil specimens recording growth marks and other histological features that are often
used for life history reconstructions of extinct animals or humans (e.g., Erickson, 2005;
Smith, 2008).

The chemical composition of both the mineral phase bioapatite and the protein
phase, predominantly collagen, yields important information about the palaeobiology
and palaeoecology of fossil vertebrates (Overviews in: Kohn and Cerling, 2002; Hedges
et al., 2006; Koch, 2007; LeeThorp, 2008). Especially tooth enamel is least affected by
diagenetic alteration and able to preserve original element and isotope compositions
over geological time scales of millions of years (e.g., Sponheimer and Lee-Thorp, 2006;
Fricke et al., 2008; Heuser et al., 2011).

However, chemical in vivo signals are often altered during the fossilisation
process of bones and teeth.

These chemical, mineralogical and histological changes during diagenesis
themselves are a valuable source of information in their own right. They enable us to
characterize the post mortem history, diagenetic milieu, taphonomic processes and the
timing of fossilization (Berna et al., 2004; Pfretzschner, 2004; Trueman et al., 2006;
Kohn, 2008; Tiitken et al., 2008; Turner-Walker and Jans, 2008; Herwartz et al., 2011).
Understanding, characterising and quantifying diagenetic processes in fossil skeletal
remains are important to decipher to which degree the original chemical information
stored in the bioapatite has been altered or retained. To characterize and quantify
diagenetic processes and their influence on the structural and chemical integrity of fossil
bones and teeth different chemical (IRMS, ICPMS), mineralogical (XRD, XRF), optical
(light microscopy, CL, TEM), and spectroscopic (Raman, FT-IR) techniques can be
applied.

Diagenesis of bones and teeth is however always a complex process that is very

site specific, not linearly related with burial time and controlled by different external
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factors such as microbial attack, temperature, humidity, hydrology, pH, redox
conditions of the burial environment but also the skeletal tissue itself (e.g., Hedges and
Millard, 1995; Hedges et al., 1995; Hedges, 2002; Pfretzschner, 2004; Berna et al.,
2004).

Diagenetic alteration of bone starts immediately post-mortem (e.g., Bell et al.,
1996) and significant alteration occurs even before burial (e.g., Trueman et al., 2004;
Fernandez-Jalvo et al., 2010).

The degradation of the collagen by microbial attack and/or hydrolysis (Collins et
al., 2002) is one of the early and most fundamental alteration steps during bone
diagenesis. The collagen molecules themselves, however, are fairly robust until a
critical point in fibril denaturation due to hydrogen bond breaks is reached (Koon, 2006;
Koon et al., 2010).

Collagen loss causes an exposure of the thermodynamically instable, nm-sized
bioapatite crystals with a large and reactive surface area, leading to dissolution and/or
recrystallisation and hence increasing apatite crystal size (e.g., Person et al., 1995;
Berna et al., 2004; Trueman et al., 2004). During these fossilization processes an intense
chemical and isotope exchange of the bone with the environment is possible either by
adsorption of ions, diffusion, ion exchange in the apatite lattice or precipitation of
secondary minerals in pore space (e.g., Nelson et al., 1986; Trueman and Tuross, 2002;
Lee-Thorp, 2002; Kohn 2008).

Microbial attack by bacteria and fungi occurs rapidly post-mortem and is
commonly observed in archaeological bone, resulting in characteristic tunnelling and
destruction of the bone microstructure causing collagen loss and a spatial redistribution
of bone material (Hedges et al., 1995; Bell et al., 1996; Jans et al., 2004; Turner-Walker
and Jans, 2008; Jans, 2008).

In contrast, most palaeontological bones older than Middle Pleistocene do not
show microbial alteration (Hedges, 2002; Trueman et al., 2002) and often a have
perfectly preserved bone microstructure making them valuable archives for
palaeohistology (Erickson, 2005). This highlights the importance of the early bone
diagenesis (~10°-10" years) for the fate of fossil bones of which many, especially those
weakened by microbial attack, were dissolved and do not survive into the fossil record

if stability conditions (appropriate soil pH) are not met in the burial environment (Berna
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et al., 2004). Those fossil bones surviving in the burial environment were stabilized and
in the long term lithified by the diagenetic processes.

Bone apatite crystallite size already begin to increase a few years post-mortem
(Trueman et al., 2004), further increases when the collagen is lost, creating pore space
for apatite crystal growth and may last up to ~5 Ma until Pliocene times (Piga et al.,
2009a).

In the hypothesis that the post-mortem and burial changes (diagenesis) are
associated to crystallinity of apatite from XRD analysis, it was suggested to relate this
index to the age. This correlation was found by Bartsiokas and Middleton (1992) after
examining 15 bony specimens, two of which were rejected from the analysis because of
their “state of histological conservation”. In the hypothesis of a first-order kinetics
process, the relationship was expressed by a linear regression between the crystallinity
index (CI) and logarithm of age.

Soon after, Person et al. (1995, 1996) defined a slightly different CI after
considering a larger number of specimens of various provenance and age. They did not
observe any significant correlation between the increase in the CI and the age of the
sample, even in bones from the same locality. More recently (Farlow and Argast, 2006)
it was reported further data consistent with the results of Person et al. (1995, 1996) in
showing no relationship between bone crystallinity and age. However, for late
Pleistocene and younger specimens, their data were consistent with the observations of
Bartsiokas and Middleton (1992) and Sillen and Parkington (1996) for mammalian
bone.

The apatite crystal size in ancient fossil bones is quite variable and some
dinosaur specimens can even retain some crystallites similar in size to modern bone
(Dumont et al., 2011). However, most fossil bones have larger average apatite crystallite
sizes than modern bones but the crystal size in fossil bones remains in the few 100 nm-
range (Piga et al., 2009a).

Thus fossilization processes of the phosphatic bone tissue predominantly take
place at the sub-um scale, explaining why the bone microstructure with histological
features in the um-range is usually so well preserved. On the other hand, the bone
macro porosity such as blood vessel canals or bone cell voids as well as diagenetic

cracks are often filled with secondary mineral infillings such as pyrite, calcite, quartz,
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manganese- or iron(hydr)oxides and others. These minerals form at different stages
either early or late during diagenesis and allow inferring the physicochemical milieu
prevailing within the bone and in its burial environment during their formation and thus
to trace taphonomic conditions (Barker et al., 1996; Hubert et al., 1996; Pfretzschner,
2000, 2001a,b, 2004).

1.4: Physico-chemical techniques applied for bone microstructure

analysis

1.4.1: X-ray diffraction (XRD)

Powder X-Ray Diffraction (XRD) is actually one of the most widely used
techniques to characterize the state of condensed, inorganic, organic materials, and
sometimes biological molecules. It is a useful tool in different fields such as: solid state
Chemistry, Pharmaceuticals, Natural Sciences, Metallurgy, Archacometry, Archeology,
Physical Anthropology and Forensic Sciences. In all these areas most of the crystallized
matter that we can investigate are in fact in polycrystalline state; each crystal is the size
of a few microns or even just a few nanometers.

The major breakthrough of the powder diffraction as a quantitative tool in
material sciences happen in 1969 with the introduction of the so called Rietveld method
(Rietveld, 1969) or whole pattern fitting profile refinement, a technique for crystal
structure refinement which, for the first time, made use of the entire powder pattern
instead of analyzing individual non-overlapped Bragg reflections. This method
permitted an extension of the diffraction technique on polycrystalline compounds, from
structural refinement to quantitative and structural and microstructural characterization.

In the Rietveld’s approach the experimental powder diffraction data are utilized
without extraction of the individual integrated intensities, and all structural,
microstructural and instrumental parameters are optimized by a least-squared
refinements method until to carry out the best fit between the experimental data and

calculated pattern.
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Figure 2: Two examples of fossil bones multiphase patterns a) the XRD pattern (data points) and Rietveld

fit (full line) of Moli del Baré (Isona i Conca Della, Lleida, Spain) dinosaur specimen shows a rather

complex phase constitution of four phases, with the notable presence of the celestite structure SrSO,. b)

the XRD pattern of IPS 35594 Seimuromorpha specimen (Middle Triassic, 245 Ma) also highlights a

complex five phase constitution.
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Full profile refinement is computationally intense and requires a reasonable
starting structural model and a good set of experimental data for the analysis success.

An important application of the Rietveld’s method in powder material field is on
multiphase samples (see figure2a and 2b).

The knowledge of the spatial arrangement of atoms and molecule inside the unit
cell and the fraction composition of different phases present in the polycrystalline
compound under investigation, are complemented with the possibility to determine the
microstructural information, such us dimension, orientation of crystallites and lattice
disorder. The knowledge of these details can allow to determine or to hypothesize
possible properties of such analysed materialWith all this in mind, it has been argued
that a better and more reliable means of addressing the microstructural study of burned
and fossil bones is the X-ray diffraction (XRD) approach, possibly combined with other
types of physico-chemical and spectroscopic approaches (Shipman et al, 1984;
Newesely, 1988; Stiner et al., 1995; Ravaglioli et al., 1996; Rogers and Daniels, 2002),
with a particular view to the hydroxylapatite mineral phase, which is the main inorganic
component of bones.

The hydroxylapatite phase is made of tiny micro- (or nano-) crystals with
average size dimension around ca. 17 nm, that are subjected to growth changes when
stimulated by the temperature of fire. Broadly speaking, higher temperatures result in
larger average sizes of hydroxylapatite nano-crystals, more ordered crystal structures
and sharper XRD peak profiles. These heat-induced crystal changes are akin to those
resulting from standard bone diagenesis, and therefore we acknowledge that in the
absence of important thermal effects, bone material decomposing for millions of years
may undergo to a similar crystal growth mechanism, which can be suitably detected and
accurately measured with help of the XRD patterns (Bartsiokas and Middleton, 1992;
Person et al., 1995; Farlow and Argast, 2006).

In 1926, De Jong (In Susini, 1988) connects the small crystals with diffuse
diffraction lines and noted that the cremated bones patterns have finest lines. According
to Payne (1937), refinement of lines observed is due to a mechanism of recrystallization
of the bones. In the same way, Baud et al. (1954) reported that this refinement was due

to the increase in crystal size.
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The XRD technique was first applied to archaeological subjects in 1964 (Perinet,
1964) to study burnt bones at different temperatures. Perinet (1964) found no changes in
the mineral before 550°C. According to him, an abrupt change occurs when tricalcium
phosphate is converted into a little crystalline hydroxylapatite between 550 and 600°C.
At 700° C, crystallization improves revealing refinement of the diffraction peaks.
Finally, at high temperature, there would be no change in the diagrams. In addition
Perinet (1964) observed that at 600°C the hydroxylapatite mineral is very little
crystalline and only at 650°C improves his crystalline state. From 700°C, the crystalline
phase is stable. On the basis of this work, there is no difference between bones and the
bones as they are burned at least 600°C.

Later Bonucci and Graziani (1975) demonstrated that high temperatures of fire
treatment induce a growth of the average crystallite size of hydroxylapatite, which can
be appreciated relatively well from the line broadening/sharpening analysis of
diffraction peaks. Since then, XRD has become a standard tool in anthropological work,
although its adoption in forensic anthropology has been slow.

However, subsequently Bartsiokas and Middleton (1992), with the aim of
characterizing and dating recent and fossil animal and human bones, suggested
measuring a so-called crystallization index from their diffraction patterns, which can be
mainly ascribed to the presence of natural apatite phase. The crystallization index,
which is strictly related to the peak sharpening effects, was actually defined as the
intensity ratio of (300)/(202) line profiles of hexagonal apatite, which normally occur as
shoulder of the most intense (211) line in the 20 angular range from 31° to 35° when
using CuKo radiation (Person et al., 1995; 1996). A linear correlation between
crystallinity index and bone age was reported over a period length of more than 10°
years. It should also be noted that another crystallinity index was almost concomitantly
defined by Person et al. (1995) using more peaks belonging to the same angular range.

It is clear that the two above mentioned lines of work may be conflicting
especially if the bones were subjected simultaneously to both physical effects of
burning and blackening across very long periods of time. This is further complicated but
the fact that there have been very few studies exploiting this technique in the twenty

years since it is first serious adoption.

16



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences.

Studies by Newesely (1988), Holden et al. (1995), Stiner et al. (1995), and
Rogers and Daniels (2002) have superficially investigated this source of information,
but lack the cohesive nature necessary to allow one to overcome this sort of conflicts.

However, in a sufficiently short period of time it seems that the two effects can
be assumed well distinct. As a matter of fact, the time period investigated by Bartsiokas
and Middleton (1992) requires some millions of years to observe significant changes in
the crystallization index, which is a quantity determined with a small percentage error.
This means that the crystallinity index may be regarded virtually unchanged in a period
in the order of ten thousand years, that is, in a period that comprise archaeological and
forensic times.

In the first critical study of its kind, Shipman et al. (1984) investigated the
microscopic morphology of various osteological materials and used X-ray diffraction in
order to assess whether specimens of unknown taphonomic history were burnt and the
maximum temperature reached by those specimens. Like the previously cited studies,
these investigations were based on the fact that heating of bone causes a sharpening of
diffraction patterns, attributed to increased crystallite size and decreased lattice strain
(i.e. increased organisation of the crystal structure) of osteological phases. Holden et al.
(1995), Rogers and Daniels (2002) and other recent works (Thompson, 2005; Kalsbeek
and Richter, 2006) have also recorded key crystalline changes within the temperature
range of 700-1100° C. The potential for XRD to associate crystal change to burning
context is therefore not in doubt. The heat-induced (H-I) changes in bone have been
categorised by Mayne Correia (1997) and modified by Thompson (2004). All heat-
induced changes (colour change, weight loss, fracture formation, changes in strength,
recrystallisation, porosity change, dimensional change) can be placed within one of the
four stages of H-I degradation (Dehydration, Decomposition, Inversion, Fusion). These
four stages in themselves do not explain all of the fundamental causal changes occurring
within hard tissues, and to date are entirely theoretical (Thompson, 2004).

In Physical Anthropology perspective, the temperature range 700-1100°C is
significant because it is during this transition that the size of the bone alters to a
statistically significant degree (Shipman et al, 1984; Thompson, 2005). This in turn will
not only impact on microstructural studies of bone, but also on macroscopic analysis

with a view to determining a biological profile (sex determination, age-at-death
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estimation etc) of the burned individual. The accuracy of such biological or osteological
profiles is dependent on the use of unmodified bone. This is true for both metric and
morphological anthropological techniques. Therefore it is essential that we understand
the osseous changes during this temperature range so that it is possible to create either
new techniques devised specifically for burned bone or new methods of statistically
correcting the output of current anthropological techniques when used on burned bone
(Thompson, 2005).

Furthermore, a more solid appreciation of these changes will allow
archaeologists to differentiate burned bone from non-burned bone using XRD as has
been attempted so infrequently (Stiner et al, 1995).

In order to further extend the validity of XRD methodologies that appear in the
literature, Piga et al. (2008b; 2009b) did a calibration for bones and teeth as a function
of a range of temperatures of burning (200°C-1000°C), while simultaneously noting the
effect of duration of burning (0, 18, 36 and 60 min). This would enable a more general
account of a real firing process. In fact, with this approach it will be possible to make an
accurate estimation of both temperature and likely time duration of the firing process
involved. In particular, Piga et al. (2008b; 2009b) analysed the behaviour of the bone
sample for some intermediate temperatures (650, 750, 775, 825, 850°C) to closely
investigate and describe the two-stage growth regime of hydroxylapatite previously
observed around 700°C (Enzo et al, 2007). This is not possible with current
macroscopic approaches.

The kinetics of crystallite growth is followed in relation to the temperature and
time duration in order to quickly and reliably evaluates the various aspects involved in
the cremation process. In fact, with this approach it will be possible to make an accurate

estimation of both temperature and likely time duration of the cremation rite.

1.4.2: Fourier Trasform Infra-Red Spectroscopy (FT-IR)
The Crystallinity Index (CI), or Splitting Factor (SF) is a measure of the crystallinity, or

microscopic structural order, of osseous material. It is an arithmetic determination based

on spectral data, and can be applied to both bone and teeth, although judging by
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comments made by the few studies that have used it on teeth (Piga et al., 2009b) it is
unlikely that the two apatite structures can be directly compared. This structural order is
reflected by the splitting of the phosphate absorption peaks as seen in these spectra
(Brock et al., 2010; Lebon et al., 2010). In fresh, unaltered bone, the crystal structure is
poorly ordered, contains small crystals and as a consequence has a greater strain;
unaltered bone therefore has a low CI value. Altered bone, whether that is due to age-
related diagenesis or heat-induced transformation, has an increasingly ordered crystal
structure with larger crystals and less strain, which therefore results in a measurably
higher CI value. Naturally, the reality is more complicated. There is some debate as to
whether CI values increase due to an increase in crystal size or a removal of more
soluble, less ordered crystals (Wright and Schwarcz, 1996). Rogers and Daniels (2002)
argue that their X-ray Diffraction data support the increase in crystal size, but they also
add the caveat that the change could be due to the redistribution of existing crystals.
Hiller et al. (2003) concur with the increase in crystal size as recorded by small-angle
X-ray scattering (SAXS) but note that crystal shape and thickness also change with
burning. Person et al. (1996) argue for the importance of the organic phase in protecting
the inorganic phase from change and therefore has an influence on CI although this will
only occur up until the point that the organic phase is lost. Trueman et al. (2008) and
Lebon et al. (2010) concur, but explain this more specifically by arguing for the
significance of the organic phase in reducing bone porosity and therefore crystal surface
area exposure to the environment.

CI can be measured with both X-ray Diffraction (XRD) and Fourier Transform
Infrared Spectroscopy (FT-IR). Although both methods have been used in the literature
(e.g: Piga et al., 2010a) the Crystallinity Index values created using XRD cannot be
directly compared to those created using FT-IR (Chakraborty et al., 2006; Rogers and
Daniels, 2002; Thompson et al., 2009), although attempts at calibration have been made
(e.g. Munro et al., 2007; Pucéat et al., 2004). This is because the XRD method utilises a
volume averaging approach while the FT-IR method uses an area average approach
(Rogers and Daniels, 2002). Both methodologies are complementary, but FT-IR does
allow for the examination of CO327 content and fluorine substitution, for the detection of
trace components within the analysed material, has the potential for being portable into

the field, can be cheaper to use and has been shown to be more accurate at lower
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burning temperatures (Munro et al., 2007; Weiner et al., 1993; Wright and Schwarcz,
1996). However FT-IR approach is not free of criticisms; in this sense Pucéat et al.
(2004) stated that it is overly sensitive to CI changes at low crystallinities and that
carbonate content has more influence on FT—IR results than XRD. In addition, Rogers
et al. (2010) argue that it does not provide necessary information on crystal shape and
orientation.

The earliest examples of CI were provided by Shemesh (1990) and Weiner and
Bar-Yosef (1990) and can be calculated using FT-IR by adopting the following
equation:

Cl = Asgs + Agos / Ases
the heights of the absorptions at about 605 and 565 cm™ were added and then divided
by the height of the minimum between them, where Ay is the absorbance at given

frequency x (see Fig. 3a).
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Figure 3: a) a FT-IR spectra of unburned bone, shown in the range of 500-700 cm™, corresponding to the
phosphate group PO,*characteristic of the hydroxylapatite. The dimensions factor CI are calculated
numerically in this group of peaks. b) The asymmetric bending to which the two most intense lines are

referred have a physical counterpart evidenced by the circle in the left hand side scheme of motions

available for the phosphate group
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Both Asgs and Agops correspond to the two anti-symmetric bending vibration
bands of phosphate (v4 PO4) (Lebon et al., 2010) (see Fig. 3b). It is assumed that the
value of the CI is related to crystal size or structural order.

As crystal size increases, Asgs and Agps both also increase whilst Asos decreases.
This has the effect of CI increase. This CI determination has been followed with
remarkable consistency by those who have attempted to apply this methodology in
bioarchaeological contexts. Unfortunately for osteoarchaeologists, the changes to
crystallinity resulting from burning mirror those caused through natural ageing, and
unpicking these two signals from CI values is problematic.

Bartsiokas and Middleton (1992) argue that such time-based changes take tens
of millennia. The reality is far from clear, although Rogers et al. (2010) have noted
differences in crystal shape and orientation as a result of the two forms of change.
Nonetheless it has been successfully, if not widely, adopted by the archaeological
community.

Another index useful to make the difference is the Carbonate/Phosphate ratio.
The Carbonate (CO;) gives absorption peaks at 710, 874 and 1415 cm™ whereas PO,
gives absorption peaks at 565, 605 and 1035 cm™'. The carbonate absorption peak at 710
cm’! is characteristic of CaCOj; and can therefore be used to detect absorbed CaCOs;
contaminants.

As the absorption peak height at 1415 cm™ and 1035 em™ is proportional to the
content of carbonate and phosphate, the Carbonate/Phosphate ratio is given by the

equation below:

C/P = Aua15 / Asoss

where Ax is the absorbance at given wavelength x. (Shemesh, 1990; Wright and
Schwarcz,1996; Koon et al., 2003; Olsen et al., 2008; Thompson et al., 2009, 2011;
Piga et al.,2010a).

Note that some publications use a slightly different definition for this ratio
(Pucéat et al., 2004). Since these peaks correlate to the amount of carbonate and
phosphate, this ratio allows one to comment upon changes to the carbonate content bone

following burning (Thompson et al., 2009). Combination of both CI and CP has been
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used to successfully show differences in cremation and funerary practices (Squires et

al., 2011).

1.4.3: Applications of the FT-IR Cristallinity index in Bioarchaeology and
Anthropology

Generally, when the CI has been applied to bioarchaeological contexts it has
been from one of three main perspectives.

First, it has been used to distinguish bone samples from one contextual sequence
from another one. The underlying principle is that bone from context A will have
undergone different diagenetic changes than bone from context B.

Generally these contexts differ as a result of chronological age. Work using real
samples has shown that actually, there is a great deal of variation in the CI values of
specimens within the Holocene period alone (Sillen and Morris, 1996). In terms of
relating CI to the age of a sample, there seems to be many complicating factors which
influence the rate of CI increase. These are highly related to the specific burial
environment, and include both hydrology and geology (Piga et al., 2009a; Sillen and
Morris, 1996).

Furthermore it is worth noting that burial environments do not remain static over
time (Zapata et al., 2006). Cave environments in particular are noted as being
particularly problematic in terms of diagenetic pathways (Sillen and Morris, 1996).
Regardless of the specific deposition environment, separating samples into different age
periods will always be more accurate with samples that are spatially located closer to
each other (Sillen and Morris, 1996). Nevertheless, the difference between younger and
considerably older samples is great enough to allow separation of samples into different
contexts. Sillen and Morris (1996) demonstrated this by placing bone samples from
unknown contexts into one of two specific sequences (modern or Middle Stone Age) at
Border Cave, South Africa.

More recently Stiner et al. (2001) utilised CI to examine stratigraphic layers
from Hayonim Cave in Israel. Examination of apatite crystallinity using FT-IR has also

been used to distinguish between natural and synthetic calcium hydroxylapatite
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(Chakraborty et al., 2006). It has also been noted that natural, geological apatite, as
opposed to bioapatite has an inherently more ordered crystalline structure (Bergslien et
al., 2008) and the two are therefore distinguishable. Whilst there seems to be great
potential in relating crystallinity or crystal size to age (Bartsiokas and Middleton, 1992;
Piga et al., 2009a) or depositional sequence, it is tempered by the fact that some studies
have found little or no correlation between CI and the age of a bone sample (Person et
al., 1996; Schwarz et al., 2009; Shemesh, 1990).

Second, CI has been used as a proxy for preservation, or rather as a means of
determining the degree of degradation of an osseous sample. This is used prior to more
expensive and complicated analyses, such as DNA extraction. Generally within
Bioarchaeology, “no simple, or single, method has yet been proposed that is a reliable
measure of bone integrity, i.e. one that is capable of predicting whether any biological
information is retained” (Trueman et al., 2008; 160). As such, there is great interest in
the CI since it may have the potential to be this method.

States of preservation have been correlated to CI on a number of occasions
(Bartsiokas and Middleton, 1992; Sillen and Morris, 1996; Wright and Schwarcz,
1996). Other more recent studies have found no relationship between crystallinity or
degree of preservation and quality of biomolecules contained within the bone (Brock et
al., 2010; Lebon et al., 2010; Misner et al., 2009; Pucéat et al., 2004; Schwarz et al.,
2009; Trueman et al., 2008). This may be due to the continued change in crystallinity
after the loss of the organic material, thus negating the relationship between the two
(Brock et al., 2010; Trueman et al., 2008).

Third, the CI has been used within the burned bone powders as a means of
commenting on the severity of burning experienced. This can begin, as with Shahack-
Gross et al. (1997) and Piga et al. (2008b), with simply determining if burning took
place on dark coloured bones; but this can be extremely difficult with low intensity
heating events (Koon et al., 2003). Oftentimes CI is applied with the aim of predicting
the temperature of burning event. This is of value in itself, but it has also been argued
that changes at microscopical level of bone need to be understood fully if we want to be
able to reconstruct the pre-burning conditions and dimensions of bones, and therefore
create corrections for our osteological profiling techniques (Thompson, 2004, 2005).

Different works have consistently shown that the relationship between crystallinity and
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temperature of burning is non-linear (Enzo et al., 2007; Person et al., 1996; Piga et al.,
2008b; Surovell and Stiner, 2001; Thompson et al., 2009). This may be the result of the
protection of the crystal structure by the organic phase as suggested by Person et al.
(1996) with a subsequent increase in CI change after the organic phase is lost resulting
in the non-linear relationship. Indeed Munro et al. (2007) noted that even a loss of 25%
of the organic content does not seem to affect the CI values. Unfortunately the sample
sizes of these studies are often small, which results in the burning temperature
prediction equations being of use only on samples from the same context. Even then,
some blind studies are quite inaccurate (see Thompson et al., 2009). A significantly
larger collection of data will help to resolve this problem, and may result in more

universal formulae.
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2: AIMS OF THE THESIS
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The main aim of this thesis is to found some objective methods to evaluate the
most extreme states of alteration of bone due to cremation and fossilization processes.

The investigators were already aware of the dramatic changes occurring in the
bone structure since the last three decades. Archaeological, Anthropological,
Paleontological and Forensic issues required specific studies to solve some puzzling
questions arising either from examination of archaeological and crime scene and
specific digging contexts. In these sense, applications of physico-chemical techniques
seems to be very useful, especially X-Ray Diffraction (XRD) and Fourier Transform
Infrared Spectroscopy (FT-IR).

To reach these objectives, we have considered various sub-objectives at least in

two different situations in the following:

2.1: Burned bones:

a) evaluating the applications of physico-chemical techniques in Forensic
Sciences.

b) evaluating the possibility of a multi-technique approach by XRD, SAXS and
FT-IR for the analysis of burned archaeological bones.

¢) applying physical-chemical analysis to different archaeological contexts in
order to verify if a bone has been burned or not; finding explanations to
some specific funerary rites, getting a reasonably precise temperature range
and its duration across the entire body; checking temperature homogeneity
throughout the skeleton.

d) assessing whether the lattice parameters of bioapatite obtained by XRD data

are helpful when trying to distinguish human bones from animal bones.

2.2: Fossil bones:

a) applying the physical-chemical analysis to evaluate the diagenesis of fossil
bones.

b) evaluating the use of average crystallite size as dating method.
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3: METHODS
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3.1. Diffraction data collection and analysis

Exactly 0.5 grams of each bone was ground in an agate jar for one-minute using a
SPEX mixer-mill model 8000. Our sample holder for XRD analysis has a circular
cavity of 25 mm in diameter and 3 mm in depth, and can hold 420 mg of pressed
powder bone.

Given the high number of specimens to be examined, the XRD patterns were
recorded overnight using Bruker D8 (see figure 4), Philips PW-1050 and Siemens D-

500 diffractometers in the Bragg—Brentano geometry with CuKa radiation (4 = 1.54178
A).

Figure 4: Bruker D8 diffractometer

The instruments were employed in the Bragg-Brentano geometry using fixed
wavelength CuKa radiation and a graphite monochromator in the diffracted beam. The
patterns were collected with a scintillation detector in the 20 angular range from 9 to

140°, with a step-size of 0.05°; the counts at each data point being accumulated for 40s
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in order to ensure accurate statistics for the intensity data and to reduce the uncertainty
associated with the determination of lattice parameters.

The X-ray generator worked at a power of 40 kV and 40 mA and the resolution of
the instruments (0.5° divergent and 0.1 mm antiscatter slits) was determined using o-
Si0; and a-Al,O3 standards which were free from the effect of reduced crystallite size
and lattice defects (Enzo et al., 1988).

The precision and accuracy of lattice parameters depends largely upon the number
of peaks assessed and the relative location in the 20 scale with respect to the whole
angular range investigated (Masciocchi and Artioli, 1996; Petersen, 2005). Note that the
use of position sensitive detectors for faster data collection may speed-up the data
collection, the configuration used here (with a monochromator in the diffracted beam)
has the advantage of controlling the background due to specific fluorescence effects.
This will increase the time taken for data collection, and we are aware that the
laboratory high-resolution conditions may be overtaken by accessing synchrotron
radiation facilities for powder XRD.

Starting with some basic information on the sample (e.g., the alleged constituent
elements, the space group of phases) it is possible to obtain qualitative information
(type of phase, crystal habit and quantity -by weight or volume fraction of the phases
present- unit cell size, crystallite size, microstran).

The phase content, the lattice parameters of the elementary cell, the degree of
occupancy of atomic sites, the size of the coherent diffracting domains and the degree of
deformation of the crystallites can be refined using the Rietveld approach with some
precision that depends significantly on the experimental quality of the pattern,

Practically, each crystalline phase leads to a characteristic diffractogram that
corresponds to a fingerprint of the substance. The presence of several phases obviously
complicates the spectra interpretation.

However, it is commercially available a series of programs of automatic recognition
of phases sufficiently reliable that makes use of the archive of the diffractograms of all
substances hitherto qualified with the diffraction. Unfortunately it can happen that the
spectra of diffraction can not be always collected with the necessary signal to noise ratio
because of the lesser amount of available substance. In addition, not all spectra

catalogued in the database have been resolved correctly.
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Under these conditions, the automatic assignment of phases is unlikely to be
successful, providing results that may be unreasonable. Obviously, this method of
recognition is valid when our patterns refer to phases that had been previously resolved
with adequate accuracy.

The Rietveld method (Rietveld, 1967; Young, 1993) is based on an iterative best-fit
strategy of experimental data. We have made use of the MAUD programme (for:
Material Analysis Using Diffraction) which simulates the pattern by incorporating the
instrument function and convolving the crystallographic model based on the knowledge
of chemical composition and space group with selected texture and microstructure
models (Lutterotti and Bortolotti, 2003).

The programme MAUD permits a selection of variables for the least squares
minimization such as lattice parameters of the unit cell, atomic positions, temperature
factors, occupancy of the sites, an/isotropic size and strain broadening.

Concerning the structure of bones, it is known that they are made mainly by the
bioapatite phase, in particular circumstances accompanied by other secondary phases
like calcite or others. There is a debate in the literature whether the monoclinic P2;/b
rather than hexagonal P6s;/m choice of the space group is more suitable to describe the
bioapatite structure of bone. Extensive comparisons of the use of these two
representations for the symmetry properties were missing in the literature. In particular
it was not assessed whether such choice may have direct consequences for determining
the values of the lattice parameters. The success of the procedure is generally evaluated
throughout a combination of integrated agreement factors (Ry, is the most considered)

and distribution of residuals (Young, 1993).

3.2: FT-IR analysis

Infrared spectroscopy is an extremely reliable and well recognized fingerprinting
method. Many substances can be characterized, identified and also quantified. One of
the strengths of IR spectroscopy is its ability as an analytical technique to obtain spectra

from a very wide range of solids, liquids and gases.
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A few milligrams of each sample were ground with an agate mortar and pestle to
obtain a grain size smaller than 5 um. 7-mm Pellets were prepared by mixing 2.5 + 0.1
mg of bone powder with ca. 300 mg of KBr. This mixture was compressed at 11
ton/cm™ for 1.5 min following the protocol described by Frohlich (1989). Infrared
spectra were collected using a Bruker Vertex 70V spectrometer (see figure 5) by

accumulation of 128 scans with a resolution of 2 cm™.

Figure 5: Bruker Vertex 70V spectrometer.

The mineral composition was monitored using carbonate and phosphate vibration
bands. Relative carbonate content was estimated from the ratio between the absorbance
of the v;CO3; band at 1415 cm’! and the v3PO,4 band around 1045 cm’! (Wright and
Schwarcz, 1996). The splitting factor (SF) was measured from the two anti-symmetric
bending vibration bands of phosphate (v4PO,) at 565 and 605 cm™ following the method
of Weiner and Bar-Yosef (1990) between 495 and 750 cm™.

The peaks were processed using standard non-linear least squares fitting procedures
incorporated in the Origin® software assuming for the transmitted line shape a

symmetric Pearson VII type function and a polynomial background of order 1 or 2.

3.3: XRF analysis

XRF measurements have been carried out using portable equipment composed
of an X-ray tube (molybdenum anode, Oxford Instruments) working at 25 kV and 0.1

mA. For the analysis we pressed ~ 200 mg of powdered bone tissue to form a pellet
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with a diameter of 10 mm and a thickness of 1 mm. An aluminium collimator 1 cm long
and with an internal hole of 1 mm in diameter permits irradiation of an area of the
object of about 0.2 cm? to be analysed, at a distance tube window-sample of about 2 cm.
A Si-PIN detector from AMPTEK was employed with a thickness of about 300 pm and
characterized by an energy resolution of about 200 eV at 5.9 keV. 30 minutes was

dedicated for each sample pattern without use of any standard.
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4: RESULTS
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Chapter 4.1: Aplicaciones de técnicas quimicas-fisicas en Antropologia

Forense

Authors: Giampaolo Piga, Assumpcio Malgosa.
Cuadernos de Medicina Forense 18 (1), 9—-17.

In recent decades, research and experience of cases have greatly increased the ability
to recognize and interpret the burnt bones. The ability to distinguish between burned
human remains and other materials, and the determination of the combustion
temperature, time duration and intensity distribution throughout the body after focusing
on microscopic changes in the bone may be important in various situations such as
accidents, suicides/homicides and studying the crime scene. Thus, new experimental
methods are needed to clarify the variety of factors that lead to varying levels of thermal
effects.

In addition to traditional research methods, the application of chemical and physical
techniques such as X-ray diffraction (XRD) and Fourier transform infrared spectroscopy
(FT-IR) is increasingly accepted in forensic contexts. X-ray diffraction and FT-IR
analysis have several significant advantages which are complementary for our full
understanding of the firing process whether in anthropological, forensic or

palaeontological contexts.
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Contribucion especial

Aplicaciones de técnicas fisico-quimicas
en Antropologia Forense

The application of physico-chemical techniques to
Forensic Anthropology

Resumen

Los efectos del calor extremo sobre los restos Gseos es un tema de gran interés para el mundo forense. La literatura
en rapido crecimiento en esta area de las ciencias forenses incluye investigaciones experimentales que analizan la di-
namica del impacto térmico sobre la estructura del esqueleto y su morfologia. Ademas de los métodos tradicionales
de investigacion, la aplicacibn de técnicas quimico-fisicas como la difraccién de rayos X (DRX) yla espectroscopia de
inframojos por transformada de Fourier (FT-IR) es cada vez més aceptada en distintos contextos forenses. Los campos
de aplicacion se refieren principalemente a la capacidad para distinguir entre restos humanes quemados y otros ma-
teriales, la determinacion de la temperatura, el tiempo de combustién y su intensidad en todo el cuerpo, en diversas
situaciones como accidentes, suicidioshomicidios y el estudio de |a escena del crimen.

Palabras clave: Huesos quemados. DRX. FT-IR. indice de cristalinidad. Temperatura.

Abstract

The effects of extreme heat on the skeletal remains are a subject of great interest to the forensic world, The rapidly
growing literature in this area of forensic science includes experimental investigations that analyze dynamics of thermal
impact on the skeletal structure and morphology.

In addition lo traditional research methods, the application of chemical and physical techniques such as X-ray diffrac-
tion (XRD} and, Fourier transform infrared spectroscopy (FT-IR) is increasingly accepled in forensic contexts. The
ahility to distinguish between burned human remains and other materials, and the determination of the tem perature,
the combustion time and intensity throughout the body may be important in various situations such as accidents, sui-

cides / homicides and studying the crime scene.

Key words: Burned bones. XDR. FT-IR. Cristallinity index. Temperature.

Introduccion

El estudio de los restos humanos gquemados es de
gran importancia en la argueologia, las ciencias fo-
renses, la antropologia forense y la investigacion de
la escena del crimen. En el campo de las ciencias
forenses, existen una gran variedad de situaciones
gque pueden conllevar la cremacion de restos oseos,
incluyendo los accidentes de aviacion, los bombar-
deos, las explosiones y terremotos. También los ho-
micidios, suicidios y muertes accidentales pueden
implicar el uso de fuego con resultados variables
sobre los restos humanos.

El fuego es un método comun para tratar de ocultar
la evidencia de la actividad criminal infligida sobre
victimas humanas. El fuego puede ser utilizado por
el autor para: 1) destruir totalmente el cuerpo, 2) des-
truir las caracteristicas que permiten la identificacion
de victimas (rasgos faciales, huellas dactilares), o 3)
destruir pruebas relacionadas con las circunstancias
que rodean la muerte!. El deterioro o la desaparicion
de los tejidos blandos por el fuego dificulta notable-
mente o impide totalmente el analisis por otros espe-
cialistas (como los médicos forenses) y, por tanto, el
analisis de los restos humanos quemados es una tarea
comuinmente atribuida a los antropdlogos forenses.
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Figura 1.

Caddver que fue somelido a
incineradn afectando de forma
parcial el cuerpo (1a).

La pare inferior fue reducida

a cenizas (18],

roientras que la calofa craneal
permanecid infada (1¢)

(lles por corlesfa del

D [gnasi Galtés).

Por otro lado, tambien las muestras argueologicas
pueden presentar evidencias de incineracion y su
analisis proporciona datos relevantes para reconstruir
el ritual funerario y por tanto para entender cuestio-
nes trascendentales de las poblaciones del pasado?.

Asi pues, la comprension de los cambios gue el
cuerpo ha sufrido como consecuencia de su exposi-
cion al fuego puede proporcionar informacion impor-
tante sobre el contexto y las condiciones del evento
de cremacion. Dicha informacion puede incluir la es-
cena del crimen, la temperatura del fuego, v la pre-
sencia de acelerantes. En este sentido, se dispone
de informacion sobre la temperatura que alcanzan
algunos combustibles al arder al aire libre: por ejem-
plo, la grasa animal a 800-900°C, el queroseno a
990°C, la gasolina a 1.026°C, la madera a 1.027°C
y el metanol a 1.200°C%

Puesto que la cremacion puede conducir a la frag-
mentacion extrema del hueso, se requiere una espe-
cial atencion durante el analisis de la escena. Los
escenarios de incendios mortales suelen ser mucho
mas complejos, no solo porgue el cuerpo y los ele-
mentos de identificacion son drasticamente modifi-
cados por el fuego, sino porque todo el entorno, todo
el contexto, también se modifica en la misma ma-
nera, resultando en una coloracion homogénea y en
la mezcla de todos los materiales.

Idealmente, los antropologos forenses deberian par-
ticipar en la recuperacion, ya que estan capacitados
para reconocer los restos humanos fragmentados.
Aln asi, puede ser un reto, incluso para antropalogos
entrenados, el distinguir pequenos fragmentos de
huesos quemados y dientes a partir de fragmentos
carbonizados de materiales de construccion y otros.

Por otro lado, la capacidad de discriminar entre res-
tos humanos quemados (cenizas) y polvo de otros
materiales de apariencia similar puede ser de gran
importancia en una variedad de situaciones. El inci-
dente de Tri-State en Moble (Georgia, Estados Uni-
dos)® es el ejemplo mas conocido. A principios de
2002, se descubrié que en lugar de realizar las inci-
neraciones contratadas, el propietario de Tri-State
enterraba los cuerpos alrededor de su propiedad, sin
ningtn tipo de ceremonia. Con el tiempo se recupe-
raron mas de 330 cuerpos, mientras que las urnas
que habian recibido muchas familias a menudo con-
tenian polvo de cemento, silice, piedra y otros mate-
riales. La confusion fue enorme ya que la mayoria de
los cuerpos recibidos antes de cierta fecha fueron re-
almente incinerados, y mas tarde, algunos cuerpos
podrian haber sido enviados a otras instalaciones
para una incineracion apropiada. Cientos de familias
no estaban seguros del contenido de las umas en su
poder. Asi pues, incluso |as cremaciones comerciales
presentan problemas para el médico forense y las
disputas sobre las cremaciones comerciales pueden
desembocar en un litigio civil gue puede implicar el
analisis forense de los materiales recuperados.

El analisis de los restos resultantes de la cremacion
comercial incluye también la evaluacion del nimero
minimo de individuos y de las posibles mezclas, asi
como la identificacion. Frecuentemente la recupera-
ciony el analisis de inclusiones, tales como placas me-
talicas de identificacion, restauraciones dentales y los
materiales guirirgicos facilitan las identificaciones.

Por desgracia, el acto de quemar aunqgue no llegue a
la incineracion total provoca una serie de cambios
sustanciales en el cuerpo y en el esqueleto, que a su
vez puede afectar los intentos de proporcionar la
identificacion de los fallecidos. La investigacion ha
demostrado que tanto los métodos morfologicos y
métricos de evaluacion antropoldgica como los meé-
todos de datacion, elementos traza® y analisis de iso-
topos estables, se ven afectados.

Tradicionalmente se ha utilizado la inspeccion visual
de los restos para discriminar si los huesos han sido
sometidos al fuege, y mas alla de esto, asociacio-
nes entre el color del hueso y el tipo de fractura
con la temperatura del fuego, o con la presencia o
ausencia de tejidos blandos en el momento de la
exposicion”E.

Sin embargo, estas asociaciones son complejas, no
totalmente biunivocas, y los vinculos espurios. Por
ejemplo, en algunos casos de homicidio en los que
el fuego fue usado para encubrir las pruebas, los
cuerpos fueron sometidos a diversos grados de com-
bustion (Figura lay 1b); la observacion del color de
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las diversas partes del esqueleto como Onica referen-
cia, podria haber proporcionado una informacion in-
exacta o incompleta en la que incluso se puede
excluir la presencia de fuego en alguna parte del es-
queleto (Figura 1c).

También se ha demostrado experimental y estadisti-
camente que los cambios mas importantes en el
hueso que pueden predecir el contexto de una cre-
macion implican cambios en la microestructura
osea®. Por ello, se ha argumentado que la mejor
forma, y la mas confiable, para abordar los proble-
mas relacionados con la exposicion al fuego es la uti-
lizacion de métodos fisico-guimicos, posiblemente
en combinacion con otros tipos de métodos micros-
copicos, dedicando una atencion especial a la fase
mineral de la hidraxiapatita (HA), que es el principal
cemponente inorganice del esgueleto.

Las técnicas de difraccion de rayos X (XRD) y la es-
pectroscopia de infrarrojos (FT-IR) se pueden utilizar
para distinguir los materiales dseos de otros tipos de
materiales cuando el contexto forense no esta claro,
y para evaluar la estructura cristalina del hueso que-
mado, lo que, a su vez, se puede relacionar con la
temperatura y la intensidad de la cremacion.

Métodos quimicos-fisicos para el
analisis de cremaciones

La medida del indice de cristalinidad (IC) se ha uti-
lizado para estudiar los cambios en la microestruc-
tura del hueso. El IC es una medida del orden
existente dentro del cristal, de la deformacion y la
organizacion en el hueso. Cuando el hueso es fresco,
la estructura quimica es poco cristalina'®!!, en parte
como resultado de la sustitucion de carbonatos por
fosfatos causando un desorden del cristal’®.

La cristalinidad no es uniforme en todo el esgueleto,
y varia entre los diferentes tejidos mineralizados del
cuerpo humano!®. También se ha demostrado que la
edad afecta |a cristalinidad, ya que a menor edad el
hueso es menos cristalino gue un hueso madura'®.

Como resultado de la accion del calorsobre el hueso
y su posterior cremacion, la estructura cristalina de
hueso se vuelve mas ordenada y se caracteriza por
cristales mas grandes, con lo que aumenta el valor
del IC. Por ello, el IC ha sido utilizado para estudiar
el mineral 4seo calentado en un gran nimero de con-
textos; diversos ejemplos incluyen el uso del indice
de cristalinidad para determinar si el hueso fue gue-
mado o no'*y para observar la existencia de diferen-
cias en las practicas funerarias™!5,

El célculo del IC se puede realizar tanto mediante la
difraccion de rayos X (DRX), como con la espectros-
copia infrarroja con transformada de Fourier (FTIR),
aunque los calculos especificos y los valores seran
diferentes entre ambos.

Difraccion de rayos X (DRX)

La espectrometria de Difraccion de rayos X (DRX) es
una de las heramientas analiticas mas potentes
para la identificacion de sustancias cristalinas desco-
nocidas. Tiene varias ventajas sobre otras técnicas
analiticas para la identificacion de los restos crema-
dos ya que no es destructiva, requiere cantidades re-
lativamente pequenas de material (aproximadamente
0,5 gr), no se ve afectado por las variaciones ele-
mentales presentes en la bicapatita, y se puede uti-
lizar para el caleulo semi-cuantitativo de los
componentes de una mezcla, determinando asi el
nivel relativo de contaminacion de una muestra.

El método se basa en el hecho de que todos los cris-
tales estan compuestos por planos regulares y repe-
titivos de dtomos gque forman un reticulo. Cuando los
rayos X coherentes se dirigen a un cristal, los rayos-X
interactiian con cada atomo en el cristal, excitando
los electrones y haciéndolos vibrar con la frecuencia
de la radiacion incidente. Los electrones se convier-
ten en fuentes secundarias de rayos X, re-irradiando
esta energia en todas las direcciones en la misma
longitud de onda del haz incidente, un fendmeno co-
nocido como dispersion coherente. Estos rayos X di-
fractados se pueden comparar con las ondas gue
viajan en todas direcciones y forman patrones de in-
terferencia muy similares a las interferencias gue se
forman cuando se dejan caer dos piedras en el agua.
Esta interferencia puede ser constructiva, formando
olas mayores, o destructiva, anulando totalmente las
olas. El patron de interferencia creado depende de
la distancia entre |las capas atomicas, la com posicion
quimica, y el angulo en gue los rayos X difractan
lejos de los atomos, porlo gue indirectamente revela
la estructura de los cristales.

En el espectrometro de difraccion de rayos X, el tubo
de rayos X y el detector se hacen girar alrededor de
la muestra. El espectro de difraccion creado por in-
terferencia constructiva es registrado por el detector
del haz. La relacion entre el angulo en el que se pro-
ducen los picos de difraccion y la distancia entre los
atomos de una red cristalina (distancia interplanar
d) se expresa por la ley de Bragg: nl = 2d sing.

Por razones historicas, los difractogramas se expresan
en grados dos theta (28). Los espectros de difraccion
se recogen en el rango angularde 9°a 140°en 20 y
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se analizan con un software llamado MAUD (Mate-
rial Analysis Using Diffraction)'®, que permite corre-
gir los datos para la funcion instumental y evaluar
cuantitativamente las fases mineralogicas presentes
en los huesos junto con los parametros reticulares y
microestructurales. Se requieren de 12 a 24 horas
para recoger un espectro.

Puesto que cada sustancia tiene una estructura cris-
talina tinica (fase cristalografica), los angulos de in-
terferencia constructiva forman un patron Gnico. Al
comparar las posiciones e intensidades de los picos
de difraccion con una biblioteca de materiales cris-
talinos conocidos, se puede identificar la composi-
cidn de las muestras de |a fase desconocida, como si
fuera la huella digital de la substancia. Esto es cierto
también para una mezcla de sustancias. En la prac-
tica, la mezcla de 5-6 fases cristalograficas se pue-
den resolver con un grado de confianza aceptable.

En 1975 se demostrd gue las altas temperaturas que
se consiguen con el tratamiento con fuego inducen
un aumento de las dimensiones medias de los micro-
cristales de la apatita, que se puede medir a partir del
alargamiento/restriccion de los picos de difraccion®.

A fin de afrontar la problematica relativa al estudio
de restos humanos arqueologicos quemados o pre-
suntamente quemados, en nuestro laboratorio efec-
tuamos la calibracion de una muestra de hueso que
se utilizd como referencia. Para ello se simuld la ex-
posicion al fuego real en funcion de distintas tempe-
raturas de tratamiento controlado (200-1100° C),
tomando en consideracion la dependencia del
tiempo (0, 18 y 60 minutos).

En particular se analizo el comportamiento del hueso
de referencia a determinadas temperaturas interme-
dias (650, 750, 775, 825, 850 °C) a fin de moni-
torizar y explicar el doble régimen de crecimiento en
los cristales de la hidroxiapatita en el gue se aprecia
un aumento stibito entomo a los 700°C, acercandose
luego a un valor constante mas alto, siguiendo un
comportamiento sigmoidal con un tipo de funcion lo-
gistica'®. Este intervalo de temperatura es impor-
tante porque durante esta transicion el tamano de
los cristales de los huesos se altera a un grado esta-
disticamente significativo®'®.

Asimismo, se puede cuantificar la cinética del creci-
miento de los cristales en relacion a la temperatura
y al tiempo de tratamiento, para disponer de un
punto inmediato de referencia en la aplicacion de la
calibracion de los restos presuntamente quemados.
De esta forma, se puede no solo determinar con mas
exactitud la temperatura alcanzada por los restos,
sino gue también es posible hacer una aproximacion
al tiempo de cremacion.

Estos datos tienen sus limitaciones ya que debe te-
nerse en cuenta que se ha trabajado sobre hueso
seco. A pesar de ello, Bohnert y colaboradores!® han
observado que para la total incineracion de un
cuerpo a través de la cremacion se precisan cerca de
dos horas a una temperatura de 800 °C, mientras
que para la destruccion de las partes blandas son
necesarios al menos 50 minutos. Asi pues los tiem-
pos de estudio programados en nuestro laboratorio
son coherentes con una cremacion real.

La Figura 2 muestra el espectro de difraccion del
hueso humano no guemado usado como referencia.
Los puntos se refieren a los datos experimentales,
mientras la linea continua es la aproximacion (fit)
conseguida con el método de Rietveld despues del
ajuste iterativo de los parametros estructurales y mi-
croestructurales. Los picos de difraccion de la hidro-
xiapatita resultan extremadamente alargados debido
a la naturaleza nanocristalina del material dseo que
comporta dimensiones medias de los cristales extre-
mamente reducidas y una elevada concentracion de
desorden reticular. Después de haber tenido en
cuenta los efectos instrumentales, el método de Riet-
veld es capaz de distinguir y separar el alargamiento
de los picos de difraccion en términos de dimensio-
nes medias de los cristales y de densidad del desorden
reticular, expresadas en Angstroms (1 A = 108 cm).
En particular, la dimension media de los cristales re-
sulta serde 170 (+5) A.

Asi pues estos valores pueden ser considerados re-
presentativos de un hueso no quemado.

Las temperaturas de 200 hasta a 600 °C (0 minu-
tos) muestran procesos de crecimiento de los crista-
les muy debiles. El calentamiento isocrono de la
muestra (velocidad 20 *C/min) seguida de un calen-
tamiento isotermo a las temperaturas establecidas
(18, 36 e 60 minutos) parece tener efectos limitan-
tes sobre el crecimiento de los cristales debido a una
relativa estabilidad del sistema. Contrariamente, es
evidente un efecto de crecimiento rapido de los cris-
tales a temperaturas superiores a 700 *C (60 min),
ulteriormente distinguible en el intervalo de tempera-
tura entre 7507 y 850 °C, y observable en todos los
tiempos en los que se ha actuado (0, 18, 36y 60 min).

En lo concerniente a los huesos tratados a tempera-
turas mayores de 850 °C y que han permanecido lar-
gamente en el homo, las dimensiones de los cristales
son superiores a 1.500 A aungue la determinacion
de su valor medio es bastante dificil ya que se sitia
en el limite instrumental de la técnica.

Para temperaturas superiores a 1.000 °C, las dimen-
siones medias de los cristales parecen aproximarse a
los valores méximos asintoticos siguiendo un proceso
de crecimiento de tipo sigmoidal (Tabla 1)'4.
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Tabla 1.

Tarmario medio de crislakes de la
fase mineral hidrox apatita

(14 = 10-8 cm)

{de Piga el al, 2009).

Figura 2.
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Figura 4a.

Espedro de FIIR de un hueso
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H factor de dimensiones 5F s
caicula numéricamente en este
&iupo de picos.

Figura 4b,
Espedro ge la banda de fos
fosfalos de un hueso guemado.
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medida que aumenta la
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En las dos muestras incineradas mostradas en la
Figura 3 se puede observar la notable reduccion de
los picos de difraccion, debido al notable crecimiento
de los microcristales y a la reduccion del desorden
reticular inducido por el considerable tratamiento tér-
mico (1000 *C) al que fueron sometidos.

FTIR

Para apoyar e integrar los resultados obtenidos tam-
hién se ha utilizado la técnica de espectroscopia de
Infrarrojos por transformada de Fourier (FT-IR), un
diagnodstico ampliamente utilizado en la quimica-
fisica que permite reconocer la presencia de grupos
o0 especies moleculares caracteristicos de las mues-
tras sometidas a examen.

Contrariamente a la difraccion de rayos X, esta me-
dida tiene la ventaja de usar cantidades de muestra
del orden de unos pocos miligramos (aproximada-
mente 0,003 gr) y requerir tiempos de adquisicion
del espectro muy cortos (aproximadamente 50 se-
gundos). El espectro caracteristico de los grupos mo-
leculares estd determinado por las frecuencias de
absorcion especificas de los movimientos de rotacion,
flexion o “estiramiento” (que consiste en la contrac-
cion y expansion de las distancias entre los atomos).

Con respecto al material 6seo humano y animal, por
lo general se analizan las caracteristicas del banda
de fosfatos (PD43)‘ detectables en la gama de fre-
cuencias entre 500 cm® y 700 cm™.

Como puede verse en la Figura 4a, la banda de fos-
fatos en el material dsec no quemado esta com-
puesto de al menos dos componentes, gue son lo
suficientemente grandes, pero que disminuyen a me-
dida que aumenta la temperatura, con la consi-
guiente aparicion de otro pico a aproximadamente
630 cm™ (Figura 4b). El estrechamiento de estos dos
componentes se puede medir numéricamente con una
buena precision utilizando un indice de cristalinidad
llamado Splitting factor SF (“factor de division®).

El indice de cristalinidad SF se calcula por (A + C)/ B),
donde A, By C representan la distancia a la linea de
base. Asi pues, en la linea de base del espectro, se
suman las alturas de las absorciones en aproximada-
mente 605y 565 cm y se divide por la aftura mi-
nima entre ellos (en 595 cmr?).

Esta formula fue propuesta por primera vez por She-
mesh?® y Weiner y Bar-Yosef®! y ha sido habitual-
mente utilizado desde entonces.

Las longitudes de onda en 565 cmr! y 605 cmr! co-
rresponden a las bandas de vibracion de flexion de

fosfatos y se incrementan con el aumento de la cris-
talinidad. La longitud de onda en 595cm™ disminuye
provocando asi un aumento global en el valor de SE
Notese que aungue el aumento de temperatura pro-
voca un aumento de el SF, 1a relacion no es lineal
sino gue sigmoidal?.

Las bandas con mayor frecuencia indican la presen-
cia de grupos carbonatos (COgz*) gue proporcionan
informaciones adicionales (tiles de caracteristicas
guimico-fisicas sobre el hueso.

Una estimacion del contenido de carbonato viene
dada por la relacion de la absorcion del picoa 1428
cm! (CO3*) y del picoa 1042 cm! (PO4Y); se in-
dica como C/P. El valor de este indice disminuye
cuando aumenta la temperatura.

El uso combinado de ambas técnicas (DRX y FITR)
constituye una poderosa herramienta para evaluar si
los huesos se han sometido al fuego y a qué tempe-
ratura, con una gran fiabilidad=2.

Aplicaciones

Existen casos en los que un tratamiento térmico no
es particularmente evidente, lo gue comportaria gui-
zas una linea errdnea en la investigacion de los he-
chos. Para ilustrar estos casos utilizamos el caso
arqueologico de la necropolis fenicia y pinica de
Monte Sirai (Carbonia, Cerdena-Italia)® en la que la
cremacion se utilizo como rito funerario durante la
epoca fenicia, mientras que la época plnica se ca-
racteriza por la inhumacion de los cadéveres.

Sin embargo, algunos esqueletos de época punica
mostraron algunas trazas oscuras sobre los huesos
aungue el conjunto esguelético se presentaba com-
pleto ¥ en posicion anatomica (Figura 5). Los ante-
cedentes de cremacion en la poblacion fenicia nos
indujeron a realizar un andlisis fisico-guimico sobre
los restos.

Mientras el espectro DRX relativo al esqueleto de la
Tumba 252 (Figura 6) muestra inequivocamente las
caracteristicas de una incineracion -rito en uso por
parte de la poblacion fenicia hasta el siglo VI a.C.,
los datos relativos a los individuos de la tumba 8,
12 e 255 muestran también una exposicion al fuego,
aungue de menor intensidad. Este hecho estd en
principio en desacuerdo con lo que se podria esperar
en el caso de tumbas pinicas, época posterior a la
fenicia y cuyo rito generalizado es la inhumacion. Los
resultados obtenidos con ambas técnicas se mues-
tran en la Tabla 2.
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Tamano medio de los Temperatura / °C

S Splitting Factor (SF) ET.IR
Tumba 252 >1500 (2297) 1000 6,18 >800
Tumba 8-1 251 =650 4.20 695
Tumba B-2 248 =650 4.45 715
Tumba 12 220 600<T< 700 3.59 610
Tumba 255 208 400 3.27 520

. Tamafho medio Temperatura/DRX Splitting Factor Temperatura/FTIR

e s de los cristales/{A)  (Piga ct al, 2009)°C (SF)-FTIR [Piga et al, 2010)°C
Crineo >1500 (1520) 900<T<1000 7.32 1000
Mandibula =1500 (2297) 1000 B,18 > 900
Mandibula{azul) 230 700 432 700<T<800
Costilla > 1500 (2306) 1000 693 1a00
Costilla (azul) 224 700 4,30 700<T<800
Vértebra 1 >1500 (2200) 1000 6,66 Circa 900
Veértebra 2 =1500 (1940} 1000 6,52 B00<T<S00
Vértebra 3 >1500 (19001 1000 7.21 1000
Vértebra 4 =1500 (2248) 1000 8,08 1000
Vértebra 5 =1500 (2303) 1000 6.91 1000
Cabito derecho >1500 (2079) 1000 7,08 1000
Cabito izquierdo =1500 (1724) 1000 8,67 200
Fémur derecho >1500 (2316) 1000 6,86 900
Fémur izquierdo >1500 (1480) 200<T<1000 5,58 B00<T<%00
Tibia izquierda >1500 (1364) 500 6,08 > 800
Tibla derecha =1500(1412) ano 6,68 S00

Figura 5.
Restos esquelélico de la tumba
i 8 de época plnica del

yacimiento sardo de Monte Sirai

Figura 6.
Palrones de las espechns de DRX
de § muestras procedentes de
yacimienta sardo de Monle Sirai.

Figura 7.

Reconstrucddn en el laboratoro
del esqueleto procedente de la
tumba 252 conservads de
manera excepcional.

Tabla 2.

Tamafio de los micmeristales de
hidroxia patifa, SF y estimaciones
o las lemperalurss calcuwladas
medianie las dos fonicas de

Tabla 3.
Tamaiio de los microcristales de
hidronga patifa, Spitting Faclor ¥ fa

de espertmmelrfa. Ambas omicas
ofrecen reswlfados concordanfes.
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La Tabla 2 muestra en detalle los resultados obtenidos
mediante las técnicas de difraccion de rayos X / FT-IR,
gue muestran un acuerdo sustancial entre ellos. Las
diferencias que no superan los 120° C no son tan
importantes como afectar a la validez de las dos téc-
nicas, teniendo en cuenta las diferencias en la base
quimico-fisica de las teorias elaboradas.

Del analisis de estos resultados, se puede evidenciar
la posibilidad de que los ritos funerarios pdnicos de
inhumacion del Monte Sirai fueran precedidos de
una combustion parcial de los cuerpos que pretende-
ria quizas eliminar de forma rapida las partes blan-
das. Con toda probabilidad el fuego se interrumpiria
después de pocos minutos (18 minutos, maximo 36)
y los cuerpos (normalmente 2 por tumba) adn inte-
gros eran depositados en posicion primaria uno en-
cima del otro. También podria interpretarse como
una combustion superficial mediante la quema de
materiales vegetales sobre el mismo cuerpo, lo cual
estaria en consenancia con la posicion primaria de
los cuerpos y la mayor temperatura alcanzada en la
parte superior del hueso.

Sin embarga, el ritual en cuestion supone no pocos
problemas puesto que, a pesar de que los cuerpos se
encontraron en posicion primaria, la fosa gue los
contenia, practicada en el tufo volcanico, no conser-
vaba la mas minima traza de combustion. Merece la
pena destacar gue en el mismo yacimiento se iden-
tifico la zona dedicada al “ustrinum” o zona dedicada
a la cremacion de los cuerpos, pero es preciso anadir
qgue a menudo en el interior de la misma sepultura se
han encontrado dos cuerpos superpuestos, ambos
en idéntico estado de semicombustion. Asi pues, en
el caso de Monte Siral parece que se trata de un ri-
tual nuevo, cuya practica fue limitada en el tiempo y
practicada quizds sblo alrededor del afio 500 a.C.
En la literatura antropologica no se han encontrado
gjemplos similares en las necropolis del mundo feni-
cio ni panico®. Del mismo modo, la aplicacion de
estos mismos métodos a casos como el del craneo mos-
trado en la Figura 1, indicaria sin lugar a dudas su ex-
posicion al fuego, a pesar de su apariencia no alterada.

Otra aplicacion importante se refiere a la tumba de
incineracion 252. El descubrimiento excepcional de
casi todas las partes del esqueleto nos ha permitido
de realizar un analisis detallado para analizar la homo-
geneidad de la temperatura y la intensidad del fuego
en diversas partes representante de todo el cuerpo.

Este tipo de analisis no es habitual pues es practica-
mente imposible en tales contextos recuperar restos
“in situ" de todo el esqueleto. Dado el excepcional
estado de conservacion de los diversos fragmentos
(Figura 7), fue posible evaluar la eventual uniformi-
dad de la temperatura en muestras representativas
de todo el cuerpo.

La Tabla 3 muestra en detalle los resultados obteni-
dos mediante las técnicas de DRX/FT-IR. Los datos
obtenidos con las dos técnicas son practicamente
concordantes, salvo en unos pocos casos (vértebras
1y 2, clbito izquierdo y ambos fémures) en los que
las temperaturas obtenidas con el analisis de difrac-
cion de rayos X son ligeramente mas elevados.
Estas diferencias no exceden los 100°C y no son
significativas.

Los cambios de coloracion y textura de los huesos
asi como los analisis de DRX/FT-IR sugieren una cre-
macion a elevada temperatura, aproximadamente a
1000 °C, aunque algunos fragmentos de coloracion
azulada sufrieron una temperatura menor entre 700 y
800 °C.

De ambos tipos de analisis sobresale ademds el
hecho gue el calor debi6 afectar de forma bastante
homogénea a lo largo del esqueleto, con lo que la
pira debi¢ ser alimentada en su conjunto, sin gue
existiera un centro principal.

Conclusiones

En las lltimas décadas, la investigacion y la expe-
riencia de casos han aumentado en gran medida la
capacidad de reconocer e interpretar los restos dseos
guemados. Sinembargo, son necesarios nuUevos me-
todos experimentales para aclarar la variedad de fac-
tores gue conducen la gran cantidad de efectos
térmicos.

La difraccion de rayos X vy andlisis de FT-IR tienen
varias ventajas significativas para la identificacion de
una cremacion y para la estimacion de la tempera-
tura y la duracién de un evento de cremacion fo-
rense, centrandose en los cambios microscopicos en
el hueso.

Los importantes avances en hardware han mejorado
mucho la velocidad y la accesibilidad de DRX. Sin
duda, estas técnicas de analisis tendran un papel
cada vez mas importante en el campo de la ciencia
forense en el futuro.
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Chapter 4.2: A multi-technique approach by XRD, FT-IR and SAXS

for the analysis of burned archaeological bones
Authors: Giampaolo Piga, Assumpcio Malgosa, Stefano Enzo.

“Stones, Bones and Thoughts - festschrift in honor of Milton Nuriez”. Book edited by
Sirpa Niiniméki, Anna-Kaisa Salmi, Jari-Matti Kuusela and Jari Okkonen. Milton

Nunez’s festschrift committee Publisher

A more nuanced understanding of how the analysis of heat-induced change in bone
can provide valuable information about pyre technology and the funerary process is
given by a multi techniques approach of physico-chemical and spectroscopic methods,
that would allow a greater insight of the cremation process and its effects on human
bones as has been demonstrated by studies on skeletal material from various
archaeological periods and from forensic contexts.

X-ray diffraction employed to illustrate that heating causes an increase in the crystal
size of hydroxylapatite in cremated bone (Rogers and Daniels, 2002; Hiller et al., 2003;
Piga et al., 2008, 2009). Small angle X-ray scattering (SAXS) determines the crystal
size, shape, and orientation within bone, independent of crystal lattice perfection at
different temperatures (Hiller et al., 2003) and Fourier Transform Infrared Spectroscopy
(FT-IR) employed to examine changes to the Crystallinity index or Splitting Factor
(SF); carbonate to phosphate ratio (C/P) and carbonate to carbonate ratio (C/C)
(Shahack-Gross et al., 1997; Stiner et al., 2001; Surovell and Stiner 2001; Chakraborty
et al. 2006; Nagy et al. 2008; Thompson et al. 2009; Thompson et al., 2010).

Five archeological burned bones with different intensities of burning, belonging to
the necropolis of S’lllot des Porros (Majorca, Spain), were investigated in order to
evaluate the thermal treatment which samples underwent. Mineralogical nature and
extension of crystalline domains were evaluated by applying the Rietveld method to the
X-ray diffraction patterns.

To evaluate the temperature to which the bones were subjected, a method has been
applied to the XRD data, based on our calibration of the heat treatment as a function of
temperature and time by following the average cristallite size evolution of

hydroxylapatite biomineral phase (Piga et al., 2008b; 2009b).
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Fourier transform infrared (FT-IR) spectra are dominated by the typical
hydroxylapatite bands apart from weak components typical of carbonates. Our data
confirm findings about the thermal treatment samples undergo, in fact, the shoulder at
ca. 630 cm™ for the less “crystalline” specimens is replaced by a further peak in the
specimens which appeared to have been treated at higher temperature.

Small Angle X-ray Scattering (SAXS) data analysis supplies a further point of view
of the same process allowing to obtaining some information on the morphologies of
samples. Crystal shape evolves as a function of the physical-chemical modification,
diagenesis or thermal treatments that bones have undergone. Particles turn out to be
composed at a nanoscopic level by small inhomogeneities defined with sharp interface
that agglomerate to form bigger clusters of fractal geometry. The fractal index of the
powdered system decreases on increasing the temperature of thermal treatment. The
XRD/SAXS data of small particle size are in a very good agreement.

Thus, the combined used of those techniques is a powerful tool to assess whether
the bones have subjected to fire and, with fairly good reliability, to which temperature.

The applications of these methods to archaeological or forensic scenarios can
contribute to archaeologists and forensic doctors’ understanding of the efficiency of
these techniques, especially with regards to archaeological and modern material from

unknown contexts.
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Abstract

Archaeological bones with alterations due to thermal exposure were found in the necropolis of
S'lllot des Porros, one of the most important prehistoric funerary sites of the Balearic Islands
(Spain). The bones were investigated by a combination of X-ray diffraction (XRD), Fourier
transform infrared (FI-IR) and small angle X-ray scattering (SAXS) tecniques. They provided
useful information on their physical and chemical state such as the deterioration degree of the
bone structure that was parameterised through indices such as crystallinity, average crystallite size,
splitting factor and fractal dimension. As some of the reported modifications could be attributed
to diagenesis, a discussion is presented in terms of bone crystallinity and ionic exchange processes.
Furthermaore, the different average crystallite size of bone specimens was ascribed to the different
[fire treatment. Indeed, thermal treatment alters the structure and morphology of bone at a very
[ine level (microscopic and nanometric), while morphology follows the structural modifications.
We concluded that the studied human bones were thermally treated at different temperatures on
account of the fire rituals after death.

Introduction

There is at present a growing interest in the application of forensic science to clarify, for example,
pending questions in civil or criminal court cases after burning or to study human remains for
purposes of identification after cremation (Eckert ef al. 1988; Thompson 2005; Harbeck ef al
2011} as well as in archaeology (Piga et al. 2008a; 2010a) to account for the funerary habits and
customs of ancient civilisations. Therefore, the retrieval of detailed information pertaining to
the individual or population such as those collected from non-cremated bones utilising the
methodological approaches available from diffraction and spectroscopy is highly appreciated
not only for forensic scientists, but also for anthropologists, palacontologists and archaeologists
focusing on fossil or historical human remains (Stathopoulou et al. 2008; Piga et al. 2009a; 2011).

The effects of heating and burning on bone mineral have previously been studied using
techniques such as X-ray diffraction (XRD) with the aim of discerning a characteristic signature
of crystal change. The powder diffraction diagrams were found to sharpen as a function of
thermal treatment, on account of effect due to simultaneous average crystallite size growth and
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lattice strain decrease. These data were discussed coherently for the first time by Perinet (1964)
and Bonucci & Graziani (1975), and accompanied by an electron microscopy investigation of
the bone materials with the aim of assessing directly the growth process induced by heating.
Early XRD studies on burned remains were further addressed by Shipman et al (1984)
using a crystallinity index (CI) inversely related to the broadening of the peaks of hexagonal
hydroxylapatite. Because of the anisotropic broadening of hydroxylapatite peaks, Person et
al. (1995; 1996) suggested a more objective definition of the crystallinity index by examining
the envelope of peaks in the 20 range from 30 to 39° using the CuKa radiation. Rogers and
Daniels (2002) made an effort to give a comprehensive view of the whole diffraction pattern
by reporting the broadening of some dozens of peaks as a function of their angular position.
It should be noted that a parallel line of research was developed by FT-IR spectroscopy, where
the hydroxylapatite phosphate bands v, in the range 500-700 cm™ were examined in terms of a
splitting factor similar to the crystallinity index (Weiner & Bar-Yosef 1990; Stiner ef al. 1995).

An alternative method of studying the archeological bones was recently suggested by
using the small angle X-ray scattering technique (SAXS) (Hiller et al. 2003; Hiller & Wess 2006).

Since X-rays are primarily scattered by electrons, X-ray small angle scattering is
observed, when electron density inhomogeneities exist in the sample. Considering that any
scattering process is accompanied by a reciprocity law, which gives an inverse relationship
between particle size and scattering angle, particle dimension from ten to several hundred A (1
A = 10" m) are enormously large compared to the wavelengths of X-ray used, (CuKa line 1.54
A) this makes the angular range of observable scattering correspondingly small. The scattering
of various particles can be treated at various extents and specific information on the size,
shape, polydispersion, spatial arrangement and interaction among particles have been obtained
since 1938, when Guinier postulated the scattering form spherical isolated particles (Guiner
& Fournet 1955). Notwithstanding, SAXS has been applied only in a few cases to artefacts of
interest in the field of cultural heritage for specific purposes. The use of SAXS has recently found
a new application in the study of mineral change in archaeological bones (Hiller & Wess 2006;
Hiller ef al. 2004; Pijoan et al. 2007). This method allows for the accurate determination of
crystal size, shape and orientation within the bone (Child 1995; Wachtel & Weiner 1994). It was
shown that SAXS provides information regarding particle morphology and is complementary to
other techniques employed in archaeological contexts (Camacho et al. 1999). In addition, it was
recently used to characterise diagenetic change in bone and other materials of archaeological
interest (Wess et al. 2001; 2002). The measurement of subtle changes to crystallite thickness
or shape could provide a window to the events leading to mineral alteration in archaeological
bone, including diagenetic processes as well as human interventions such as burning (Piga et al.
2009a).

Experimental data obtained from the analysis of some archaeological bones will
be discussed and analysed to obtain an evaluation of the thermal treatments applied to the
samples. Sizes evaluated from the SAXS data are compared with the size of crystalline domains
obtained by applying the Rietveld method to the XRD patterns. Analogies and differences will
be discussed. Finally we will describe how our results confirm previous FT-IR spectra analysis

findings.
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Experimental

Materials

The fragments of bones were found during the excavations in the Funerary chambers of §'Tllot
des Porros necropolis, one of the most important prehistoric funerary sites of the Balearic
Islands (Spain), which was in use from the 6* and 5% century BCE until the 1% century CE.
The archaeological site is located in a funerary area which contains two cemeteries and one
sanctuary and is constituted by three funerary chambers named A, B and C, respectively (Piga
et al. 2010a).

The analysed bones were extracted from a collection attributed to at least 67 burned
individuals (Table 1) and are representative of cremations at different temperatures in the three
funerary chambers. Six fragments of 0.5 g were prepared for physical analyses by hand grinding

with an agate mortar and pestle until reduced to a sufficiently fine powder.

Methods

The X-ray diffraction (XRD) patterns were recorded using Bruker D8 and Siemens D- 500
diffractometers in the Bragg-Brentano geometry with Cu Ka radiation (A=1.54178 A). The
goniometer was equipped with a graphite monochromator in the diffracted beam and the
patterns were collected with 0.05 of step size. The X-ray generator worked at a power of 40
kV and 30 mA and the resolution of the instrument (divergent and antiscatter slits of 0.5%)
was determined using a-SiO, and a-Al O, standards free from the effect of reduced crystallite
size and lattice defects (Enzo et al, 1988). The powder patterns were analysed according to the
Rietveld method (Young 1993), using the programme MAUD (Lutterotti & Bortolotti 2003).
These experiments and analyses are supposed to be reliable for a precise description of
the growth phenomena (i.e., degree of organisation), which are induced in the hydroxyapatite
(HA) micro- (or nano-) crystals as a function of fire temperature. As a matter of fact, the
procedure is not limited to the analysis of a few selected peaks but evaluates the pattern with the
maximum collectable evidence. As for apatite evidenced in our XRD patterns, following Elliott
et al. (1973) we have adopted a monoclinic description of the unit cell (Space Group P21/c,
4 molecular units) rather than the usual hexagonal cell of 5. G. P63/m with two molecules of

Table 1. list of the six burnt remains analyzed, belonging to 5Tlot des Porros necropolis, with anthropological infor-
mation {age, sex, part of the body taken for the spectroscopic analysis).

Sample code Age Sex Part of the body

amalvzed

PCTd4-2 Adult 2 Cranmm

IFAD 15 years old - Cranium
IPCT64 Adult c Fenmnm

IPCA4B Tuvenile - Cranium

IFATL Adult Cranum

IFB14-62 Adult Cranum
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hydroxyapatite. As a matter of fact, the lattice parameter of the monoclinic phase aM coincides
with that of the hexagonal phasea ,butb isca2xa,c, =c, andp, = 120°

The Rietveld method is an efhicient approach that evaluates quantitatively the amount,
structure and microstructure parameters of mineralogical phases while taking into account the
instrumental parameters. While the average crystallite size parameter does not depend on the
order of reflections, the lattice strain does.

The programme MAUD calculates numerically the convolution equations in order to
correctly distinguish and evaluate both crystallite size and strain terms in the experimental
peak broadening. Also, one important advantage of the Rietveld method is that no standard is
required for quantitative evaluation of phases, thus minimizing the work on sample preparation.

It was necessary to make reference to a calibration that was worked out with a sample
of human bone subjected to selected temperatures of cremation to evaluate the temperature to
which the bones were presumably subjected. Our previous applications of the XRD technique to
human bones were based on a calibration of the thermal treatment as a function of temperature
and time by following the average grain size of hydroxyapatite (HA) biomineral phase. We have
assessed with our method that the average grain size in untreated human bones is ca 170 A
and remains approximately constant until 500-600°C. The average crystallite size then quickly
increases around 700°C, subsequently leveling off at a new value according to a sigmoidal
behavior typical of a logistic function (Piga et al. 2008b; 2009b).

It is possible to estimate with good reliability the temperature, to which the bones were
subjected during the burning process by following the quantitative interpretation of XRD data
in terms of the growth mechanism of HA microcrystals induced by thermal treatment. In turn,
this permits us to ascertain the fire technology in use and, with specific concern to the site here
investigated, it supplies valuable information on the possible coexistence of inhumation and
cremation practices.

A simultaneous investigation was carried out by FT-IR spectroscopy, whose absorption
bands are related to the bond strength of carbonate and phosphate groups of HA. The bands
that are considered are generally constituted by overlapped lines whose width decreases as a
function of treatment temperature according to an empirical crystallisation index also called
splitting factor (SF) (Weiner & Bar-Yoset 1990).

FT-IR spectra were collected with a Bruker Vertex 70V spectrometer in terms of
absorbance vs wavenumber n in the range 400-4500 cm™. About 3 mg bone were hand-grinded
and mixed with potassium bromide (KBr) in the weight ratio 1:100 respectively, to make pellets
suitable for beam irradiation.

In particular, the cluster of bands of HA in the range 50.000-70.000 m™" was analysed
because it is generally recognized as the most reliable zone in which to define the splitting factor
SF as a function of temperature treatment. SF is defined from the sum of band intensities of the
two peaks divided by the intensity of the valley between them (Weiner & Bar-Yosef 1990). The
peaks were processed using standard non-linear least squares fitting procedures incorporated
in the Origin® software assuming for the transmitted line shape a symmetric Pearson VII type
function and a polynomial background of order 1.

Small angle X-ray scattering measurements were carried out with a Bruker AXS
Nanostar-U instrument having a Cu rotating anode working at 40 kV and 18 mA. The X-ray
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beam is monochromatized at a wavelength A_=1.54178 A using two cross-coupled Gébel
and is collimated using a series of three pinholes with diameters of 500, 150, and 500 pm. The
detector is an Hi-Star Bruker. A two-dimensional Multiwire Proportional Counter (MWPC)
sensitive to the energy of X-ray was used. The hand-ground bone powders were placed inside
lime-glass capillary. Samples were directly mounted on the sample stage to avoid additional
scattering from the holder. Data were collected at room temperature for 1000 s and 24 cm from
the sample. The measurements were carried out in two different portions of each sample to
check the homogeneity.

Results and discussion

The XRD diagrams of the six examined specimens are reported in Figure 1 and show a
remarkable change of their crystallinity property. The crystallinity referred to here should not
be confused with the analogous term used in polymer science for partially amorphous systems,
where it is referred to as ratio between the amount of crystalline components in an otherwise
amorphous matrix.

Except for the IPC764 specimen, the phase analysis by the Rietveld method of the
XRD patterns suggests that the specimens are almost single phase hydroxylapatite, apart from a
minor contamination of calcite that seems likely of endogenous origin, although this is difficult
to demonstrate in archaeological material aged more than two thousand years ago (see data
reported in Table 2).

It can be seen that the bottom pattern (data points) consists of broad peaks described
satisfactorily with the monoclinic structure of hydroxylapatite on account of a limited extension
of the crystallites and a fairly large degree of lattice strain. It should be maintained that in the
isotropic model here used the peak broadening due to crystallite reduction is independent
from the order of reflection, while the component due to strain increases proportional to the
reciprocal lattice variable. Actually, it is known that the assumption of isotropic size and strain
may be questionable dealing with osteo-materials. In particular the (002) peak at d = 3.44 (26
= 25.85°) appears sharper than the others, which confirms the existence of texture along this
direction (Zizak et al. 2000). Nevertheless, the average crystallite size obtained by XRD using
the isotropic model is reported in Table 2. It can be regarded as a first approximation for a

Table 2. Phase, average crystallite size, splitting factor and estimated temperature of the hydroxylapatite mineral

phase.

Sample code Fhases Avwerage cristallize estimated T Splitting Factor estimated T

Size with XRD (SF) with FT-IR
HAY 1o oG
TPCT64-2  Apanie 07 %% T00E =200 1000 Gii=00 = 00
Calrita 3 %
PAS Apatits 07 % 057 =100 200-800 6.0=0.05 =800
Calrita 3 %
TPCT64  Apstite 80 % 321=00 TOITI5 570005 =800
Calcite 11 %
IFCA4E  Apetis 06 % 48=10 650700 IEA=005  600<T=700
Calrite 4 %
TFATI Apatite 09% 213 =10 650 3 A3=005 z
Calrita 1 %
IFB14-67 Apare75% 106=10 0400 205005  Notbummed
Calrite 2.5 %
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volume weighted average size of crystallites,

regardless their shape and texture.
As shown in Figure 1, the peak
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“equivalent temperature range” of treatment
is also reported in Table 2. It is known that
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practices.
Figure 1. the XRD patterns of cremated bones from FT-IR spectroscopic data are presented

SMot des Porros necropolis; it is evident that IP-B14- Figure 2a and b for the same collection of
62, IMCa4B and TPAIl samples display a large peak

broadening with respect to the remaining specimens on
account of a weak thermal treatment received. With the 400 to 2000 cm™. It is possible to recognise three

Rietveld method the gﬂDdeE'SS of the fit between calcu- main g‘ru‘ups Gf ba_nd in the ra_nge E[H]_?D[} cm

lated and experimental pattern is measured in terms of 1000-1200 cm™ and 1400-1600 cm™. which
numerical agreement factors so this approach appears ’

the most complete for evaluating simultaneously expe-
rimental data quality (i.e. signal-to-noise-ratio) and/or phosphate groups, v, of phosphate groups and

emedibuitaey of madel amauptione. to the v, of carbonate groups respectively.
These carbonates bands assessed by
spectroscopy may refer either to CO,* groups from calcite or to CO,* groups that are substituting

specimens in the wave-number n range from

are generally assigned to the energy mode v, of

for phosphate groups in the structure of hydroxylapatite.

The possibility that these carbonate groups are referred to a [Ca (PO,),] (CO,) structure
was also considered in the literature (Elliott ef al. 2002). In Figure 2b, the v, band of the phosphate
groups is subjected to a sharpening similar to the diffraction patterns. It is customary to represent
the sharpening of the v, envelope (Weiner & Bar-Yosef 1990; Stiner ef al. 1995), using the splitting
factor SE reported in Table 2. Futhermore, the shoulder at ca. 630 cm™ for the less “crystalline”
specimens is replaced by a further peak in the specimens which appeared to have been treated at
higher temperature according to the XRD investigation.

The graphs in Figure 2 are a magnification of FT-IR spectra in the range 500-700 cm™ and
highlight the band structure of v, phosphate groups from the point of view of the splitting factor SE

In our previous calibration of FI-IR spectra, it was established that the appearance of the
shoulder at ca 634 cm™ indicates fire temperature between ca 700 and 800°C and persists until 1000
*C (Piga et al. 2010b).
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Figure 2: a) the FT-IR spectra where the graphs of the same specimens are reported in the wave-number
range from 400 to 2000 cm™. 1t is possible to recognize three main groups of band in the range 500-700
cm™, 1000-1200 cm* and 1400-1600 cm™, which are generally assigned to the energy mode 4 of phosphate
groups, 3 of phosphate groups and to the 3 of carbonate groups respectively. The spectra are ordered on
increasing SF factor

b) the FT-IR transmittance peaks of the phosphate group where the SF is evaluated. Note the appearance
of a shoulder at 634 cm-1 for temperatures above 700 °C ,in the IPC764, IPAY and [PC764-2 specimens,
as indicated by arrow.

Table 2 shows in detail the results obtained through the techniques XRD/FT-IR.
Estimates temperatures obtained with the two techniques, according to our previous calibrations
(Piga et al. 2008b; 2009 b) are almost concordant, except in a few cases (IPC764 and IPAIl
specimens). These differences do not exceed 100° C and are not significant. Thus, the combined
use of both techniques is a powerful tool to assess whether the bones have subjected to fire and,
with fairly good reliability, to which temperature (Piga et al. 2010b).

Data of the SAXS isotropic bidimensional patterns were converted in the scattering

curve intensity versus the scattering vector Q (Q = 4 nsinB/A, where 20 is the scattering angle
and A is the wavelength of the X-ray beam) by integration in annular rings.

The obtained intensities for the same collection of samples, after correction for the
sample transmission and for the contribution of the empty capillar, are shown as a function of
the scattering vector (Q in Figure 3.

The intensity monotonically decreases for all samples, but the decay law looks different
from one sample to another. The absence of a linear region in Figure 3b indicates that the
Guinier approximation (Guiner & Fournet 1955) does not hold, probably as a consequence of a
high polidispersity in size, thus preventing the evaluation of the particle size.

According to Wess et al. (2001) in Figure 3c the experimental data are, thus, reported
ona Q°I(Q) vs. Q in order to evaluate the crystal thickness parameter, T, and to obtain indication
on the shape of the mineral crystallites. Data indicate that samples have undergone different
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Figure 3. SAXS intensities vs. scattering vector Q) for the bones samples. A) () vs Q. B) Log I[[Q) vs. Q2 (Guinier

ploth. C) Q21((Y) vs. Q (Kratky plot). ) Logl vs Log Q. For clarity reasons data related to samples IAIl and IPR14-82
on graphs B and C were multiplied by factors 2 and 4, respectively.

processes on the basis of the discussion reported in Camacho ef al (1999). In particular,
the behavior at very low Q observed for sample IPC764-2 suggests that it is constituted
by large and highly polidisperse crystallites, indicating that this bone has undergone a
diagenetic remodeling. The observed behavior for sample IPA9 indicates that this bone has
still undergone a little diagenetic alteration and the shape of the curve is typical of plate-like
crystals as usually observed for human bones. In contrast, the scattering profiles obtained for
samples IPC764, IPC64B, IPAIL and IPB14-62 are typical of needle-like apatite crystals, thus
pointing to some thermal treatment rather than to diagenesis (Pijoan ef al. 2007). Moreover,
the observed intensity increase and the displacement of the maximum toward higher Q values
could be consistent with some variation in sizes probably related to treatments at higher
temperature or longer times.

Table 3. Results of the linear fits of Log[1{Q) - C] vs. Log Q for the two linear regions. Subscript 1 refers to the low-()
region, 2 to the high-() region.

Sample Ti(nm)  Log(2maAp'S) -F, Loz(2x Ap' 5), -P; BiBpmiasy  Teriseaimorsive
TPCT64-2 16 0.03(7) 2831} -1.13(8) 3.36(T) 155 108
IPAD 24 0430 2 68(2) -0.89(8) 401N 849 5.3
IPCT64 240 1.50{6} 230(8) 0381 3.04(4) 275 1.74
IPC64B 1.6 21N 1.97(5) 0138 3.04(4) 1.55 1.35
IPAIL B 2.31(5) 1.90(4} -0.09(3) 3.99(4) 141 L18
IPB14-62 17 2.91(5) 1.44(3) 0.06(4) 3.96(4) 1 1
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The obtained wvalues are reported in

Table 3. In all cases they are lower than the values T
obtained for fresh human bones (Fratzl et al. 1996). i * Bouia®
In addition, values obtained for samples IPC764, nk
IPC&4B, IPAT] and IPB14-62 are smaller than those "l

£ L]
obtained for samples IPC764-2 and [PAS. B
It is surprising the apparent correlation :
with the shape of crystallites although it could not i .
be explained in terms of thermal treatments unless i " o R .
F: . TP 463 IEsI-1 IFC4E IPCT AR AT
an anisotropic growth occurs. i

A new approach has been used to shed light on this

aspect and to attempt to estimate the total sizes of Figure 4. Comparison between relative sizes of

; U IPB14-62 sample (calculated as described) and
the crystallites. The Log I vs Log Q pattern in Figure 0.0 obtained from the XRD data analysis.

3d demonstrates the differences on the decay law.

The bi-logarithm plots display the presence of two

linear regions for all samples that could be ascribed to the contemporary presence of small
primary particles that agglomerate to form clusters (Beaucage 1995). The analysis of the two
linear regions draws some information on the kind of interface according to the equation:

Log [1(Q) - C] = Log(2rnAp* 5) + P Log Q

Where Dr is the difference in scattering length density between particles and medium, S is the
total surface area, P is the exponent of () related to the kind of interface and Cis a constant term,
that derives from incoherent scattering and from instrumental noise. Values of Log (2n Ap?
S) and P, derived from the best fits in the two regions, are collected in Table 3, where the ratio
between crystalline size obtained by XRD analysis are also reported.

The two sets of data are compared in Figure 4, where each sample is arbitrarily reported
on the x-axis. Data of small particle size are in a very good agreement. The increasing difference
between the two sets of results at higher particle size could be due to a greater uncertainty in the
crystalline size on becoming the XRD peak narrower. Of course another source of uncertainty
may be ascribed to the relatively low resolution Q__ of the Small Angle Scattering peak In fact,
Q, . of our apparatus corresponds ca to 800 A, suggesting that larger particle size are the effect
of extrapolation procedures, deserving some degree of arbitrariness.

Conclusions

Samples of archaeological bones were investigated in order to obtain an evaluation of the thermal
treatment applied to the samples. Sizes and mineralogical nature of crystalline domains were
evaluated by applying the Rietveld method to the XRD patterns. The analysis was conducted on
mostly single phase hydroxylapatite specimens, but a minor contamination of calcite probably
of endogenous origin has been evidenced in some samples.

To evaluate the temperature to which the bones were subjected, a method based on a
calibration of the heat treatment as a function of temperature and time by following the average
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grain size of hydroxyapatite (HA) biomineral phase has been applied to the XRD data.

FT-IR spectra are dominated by the typical hydroxylapatite bands apart from weak
components typical of carbonates. Data confirm findings about the thermal treatment samples
undergo, in fact, the shoulder at ca. 630 cm™ for the less “crystalline” specimens is replaced by a
further peak in the specimens which appeared to have been treated at higher temperature.

SAXS data analysis further confirms the above findings. In addition, it allows obtaining
some information on the morphologies of samples. Crystal shape evolves as a function of the
physical-chemical modification, diagenesis or thermal treatments, that bones have undergone.
Crystals result composed at a nanoscopic level by small particles characterised by a sharp
interface that agglomerate to form bigger clusters of fractal geometry. The fractal nature reduces

on increasing the temperature of thermal treatment.
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The combined use of macroscopic examination, XRD and FT-IR analysis is
rarely incorporated in studies examining various aspects of the burning process, such as
duration and temperature of the funerary pyre or the temperature uniformity throughout
the skeleton, and it could provide a great amount of informations. For this reason the
context of the necropolis of S’lllot des Porros (Maiorca, Spain) is particularly
interesting.

The necropolis of S’lllot des Porros is one of the most important prehistory
funerary sites of the Balearic Islands and certainly the better documented in terms of
anthropological studies. The archaeological site presented three sepulchral areas called
“chambers A, B and C” excavated in the rock-bed. In all three chambers have been
found inhumations and remains of burnt bones at various levels of burning. The
cremated bones were attributed at least to 67 individuals (out of a whole of 285).

The aim of our paper is to assess whether the funerary chambers in S’/llot des
Porros were specifically devoted to inhumation, rather than cremation or uncompleted
body combustion due to purification activities and to determine for the first time in the
Balearic prehistory when the funerary practices involving fire were introduced in
relation to specific events.

The availability of bone samples of a relative accuracy in terms of dating allows
to place quite precisely in time the period when these practices took over and, thus, to
attempt an historical explanation. So far evidences of cremations in the Balearic Islands
have been underlined without undergoing any further research, even less around their
social meaning.

In order to achieve these goals we investigate the structure and microstructure
properties of all the cremated remains from the site using X-ray diffraction (XRD)

partially supported by Fourier Transform Infrared (FT-IR) spectroscopy which have
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been demonstrated able to discriminate the degree of fire treatment to which the bones

were possibly subjected.

The combined use of these techniques pointed out to the simultaneous use of

inhumation and cremation funerary rites at various levels of burning, probably due to

existing social differences.
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1. Introduction

The necropolis of 5'lllot des Porros is one of the most important prehistoric funerary sites of the
Balearic Islands (Western Mediterranean Spain) and certainly among the best documented in terms of
anthropological studies. S'lllot des Porros is located in a rocky little island of approximately 3040 mZ2,
whichis only 1.5 m above the sea level (Fig. 1a and b). The archaeological site occupied 450 m?2, prior to
the destruction in 2001, and consisted of three sepulchral areas called “chambers A, B and C" excavated
in the rock-bed. They were partially built by cyclopean walls defining an apsidal plan and accompanied
by a nearby burial area of small tombs and pits.

The site was first explored at the end of the 1950s, but it was mainly excavated during the 1960s.
The excavations were resumed and finalised at the end of the 1990s (Herndndez et al., 1998; Tarradell,
1964).

The cemetery belongs to the final period of the Balearic Islands’ prehistory, the so-called Balearic
culture, which occurred during the Second Iron Age (VIth-IInd c. BCE).

The first use of the island is traced back to the period called the Middle Navetiform Period (ca
1400-1200 BCE) and it appears to have continued until the Late Navetiform Period (ca 1200-1050
BCE) then to the Proto-Talayotic Period (ca 1050-850 BCE).

It has been suggested, that the S'lllot des Porros area in the earliest times was used for trade
exchange as a store and shipping centre (Salva and Javaloyas, in press) but not for funerary purposes.
The necropolis was only established around the VIth-Vth century BCE and lasted until the beginning
of the Flavian Period of the Early Roman Empire (70 CE).

It was in the IVth century BCE that the C chamber was established and very likely the stones from
previous constructions were used as building material for this funerary chamber.

Until this period the only burial rite was inhumation, with bodies deposited in foetal position,
although in the upper layers some burnt bones were found and initially attributed to cremation prac-
tices (Hernandez et al., 1998; Tarradell, 1964). This attribution is supported by the archaeological con-
text and radiocarbon dating (Van Strydonck et al., 2002), despite the uncertainty of the calibrated date.

Chambers A and B were likely built after chamber C was filled up, that is around the Ilird century
BCE. Following the sequence of construction, chamber B appears to be later than A, since it leans on it
and remains located between A and C chambers (Fig. 2).

For chamber B a radiocarbon date is available with a calibration from the IVth to the IInd century
BCE. The archaeological materials excavated from the lower levels of the sepulchral chambers allow
for better evaluation of this chronology, indicating that it is likely that they began to be used in the
second half of the lInd century BCE. This is the period when the practice of cremation clearly emerges
amongst a burial tradition that still exists, as shown by the discovery of inhumations in foetal position
at the bottom of chamber B (Herndndez et al., 1998).

Concerning the inner sedimentation, the documentation of early excavations shows the existence
of two distinct layers for chamber A. In the lower level, about 0.5 min depth, is preserved clear evidence
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Fig. 1. {a) Map of the Balearic Islands: Mallorca to the South-west and Minorca to North-east. (b) Map of the North-east bay in
Mallorca, with location of the Son Real funerary area.
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Fig. 2. Pattern of burial rites’ evolution in the three chambers of S'lllot des Porros necropolis.

of fire such as ashes and cremated remains reduced to a small size, with an absence of long bones and
complete cranial bones (Fig. 3).

Presence of irregularly distributed lime was also observed on top of some cremation zones. It can
be surmised that the cremated remains were kept separated by small amounts of lime mixed with
soil and sand (Herniandez et al., 1998; Fig. 4).

With regard to chamber B, the lower level (about 0.4-0.8 m in depth) appeared to be constituted
similar to chamber A, mostly by cremated remains, though it may be suspected that the “intensity” of
the cremation was lower. The remains appeared blackened due to fire, but the absence of the typical
signs of high-temperature cremation must be noted, i.e., grey or white spots, transverse fractures and
bone size reduction (Fig. 5).

By the time chambers A and B were in use, the southwestern portion of the site was also destined
to be a necropolis with a collection of individual oval-plan pits covered by stones. In such cases the rite
was always inhumation with bodies in a tightly flexed lateral position and without funerary items.

Finally, when the chamber was totally covered with sediment and the original access closed,
new walls were erected above the ground level with an approximately rectangular shape. The late
inhumations are associated with this space.

Fig. 3. Two incinerated cranial fragments relevant to one individual from chamber A: note the fractures typical of cremation
carried out on fresh bone.



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences.

G. Piga et al. f HOMO - Journal of Comparative Human Biology 61 (2010) 440-452 443

Fig. 4. Two fragments of long bones with lime aggregates.

Particularly, the lower level showed bodies in foetal position which were dated to around the half
of the Ist century CE while the upper level showed bodies in a supine position without further material
to provide a date (Hernandez et al., 1998).

The anthropological material of S'lllot des Porros was recovered in several excavation campaigns
between 1959 and 1969 (Hernindez-Gasch, 1998; Herndndez et al., 1998; Tarradell, 1964; Tarradell
and Woods, 1959). The study of human remains has been undertaken since the eighties. These studies
took into consideration various anthropological issues concerning type, morphology and pathol-
ogy in relation to the sexual dimorphism, diet and infant growth (Alesan et al., 1999; Carrasco and
Malgosa, 1990; Castellana and Malgosa, 1991; Castellana et al., 1991; Malgosa, 1985, 1992; Malgosa
and Campillo, 1991; Pérez, 1990; Rissech and Malgosa, 1997; Subira and Malgosa, 1992; Subira et al.,
1992).

The aim of this contribution is to assess whether the funerary chambers in S'lllot des Porros were
specifically devoted to inhumation, rather than cremation or incomplete body combustion due to
purification activities.

So far, evidence of cremations in the Balearic Islands has been presented without undergoing any
further research, particularly of their social meaning. The availability of bone samples of a relative
accuracy in terms of dating, allows us to place quite precisely in time, the period when these practices
took over and, thus, to attempt an historical explanation.

Fig. 5. Drilled cranium of the individual IPB6' completely stained by fire. Note the absence of transverse fractures.



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences.

444 G. Piga et al. f HOMO - Journal of Comparative Human Biology 61 (2010) 440-452

In general, we will try to determine when the funerary practices involving fire were introduced for
the first time in the Balearic prehistory, in relation to specific events.

In order to achieve these goals, we investigated the structure and microstructure properties of
cremated remains from the site using the X-ray diffraction (XRD) and Fourier Transform Infrared ( FT-
IR) techniques. These techniques, under specific assumptions, have been demonstrated to be able to
discriminate the degree of fire treatment to which the bones were possibly subjected (Enzo et al.,
2007; Piga et al., 20084, 2010; Shipman et al., 1984; Surovell and Stiner, 2001; Thompson et al., 2009).

2. Materials and methods

The cremated bones were attributed to at least 67 individuals (out of a total of 285). Fragments of
0.5 g of bone from each cremated individual were prepared for XRD analysis by hand grinding with an
agate mortar and pestle until reduced to a sufficiently fine powder.

The X-ray diffraction patterns were recorded using Bruker D8, Philips PW-1050 and Siemens D-500
diffractometers in the Bragg-Brentano geometry with CuKa radiation (A = 1.54178 A). The goniometer
was equipped with a graphite monochromator in the diffracted beam. In analogy with the work by
Michel et al.(1995), we have recently suggested the collection of X-ray patterns in an extended angular
range employing long periods of acquisition (Piga et al., 2009a,b, 2010). Our patterns were collected
with 0.05° of step size in the angular range 10-140" in 2¢, with a counting time of 405 per point.

The X-ray generator worked at a power of 40 kV and 30 mA and the resolution of the instruments
(divergent and antiscatter slits of 0.57) was determined using «e-Si07 and «-Al; 05 standards free from
the effect of reduced crystallite size and lattice defects.

The powder patterns were analysed according to the Rietveld (1967 ) method, using the programme
MAUD (Lutterotti et al., 1998).

These experiments and analyses are supposed to be more reliable for a precise description of
the growth phenomena (i.e., degree of organization), which are induced in the hydroxyapatite (HA)
micro- (or nano-) crystals as a function of fire temperature. As a matter of fact, the procedure is not
limited to the analysis of a few selected peaks but evaluates the pattern with the maximum collectable
evidence. As for apatite evidenced in our XRD patterns, following Elliott et al. (1973 ) we have adopted
a monoclinic description of the unit cell (Space Group P21/c, 4 molecular units) rather than the usual
hexagonal cell of S. G. P63/m with two molecules of hydroxyapatite.

As a matter of fact, the lattice parameter of the monoclinic phase apy coincides with that of the
hexagonal phase ay, but by is ca 2 x ay, Gy =cy and By =~ 120°.

The Rietveld method is an efficient approach that evaluates quantitatively the amount, structure
and microstructure parameters of mineralogical phases while also taking into account the instru-
mental parameters. While the average crystallite size parameter does not depend on the order of
reflections, the lattice strain does.

The programme MAUD calculates numerically the convolution equations in order to correctly dis-
tinguish and evaluate both crystallite size and strain terms in the experimental peak broadening.
Also, one important advantage of the Rietveld method is that no standard is required for quantitative
evaluation of phases, thus minimizing the work on sample preparation.

To evaluate the temperature to which the bones were presumably subjected, it is necessary to make
reference to a calibration that was worked out with a sample of human bone subjected to selected
temperatures of cremation (Piga et al., 2008Db, 2009a).

Our previous applications of the XRD technique to human bones were based on a calibration of
the heat treatment as a function of temperature and time by following the average grain size of
hydroxyapatite (HA) biomineral phase. We have assessed with our method that the average grain
size in untreated human bones is ca 170 A (1 A=10-1"m) and remains approximately constant until
500-600°C. The average crystallite size then quickly increases around 700 °C, subsequently levelling
off at a new value according to a sigmoidal behaviour typical of a logistic function (Piga et al., 2008b,
2009a).

Thus, following the quantitative interpretation of XRD data in terms of the growth mechanism of
HA microcrystals induced by thermal treatment, it is possible to estimate with good reliability the
temperature, to which the bones were subjected during the burning process.
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In turn, this permits us to ascertain the fire technology in use and, with specific concern to the
site here investigated, it supplies valuable information on the possible coexistence of inhumation and
cremation practices.

A concomitant investigation was carried out by FT-IR spectroscopy, whose absorption bands are
related to the bond strength of carbonate and phosphate groups of HA. The bands that are considered,
are generally constituted by overlapped lines whose width decreases as a function of treatment tem-
perature according to an empirical crystallisation index also called splitting factor (SF) (Weiner and
Bar-Yosef, 1990).

The hand-ground bone powders were mixed with potassium bromide (KBr) in the weight ratio
1:100 respectively, to make pellets suitable for FT-IR spectra that were collected with a JASCO FT
480 spectrometer in terms of absorbance vs. wavenumber v in the range 40,000-450,000m-!. In
particular, the cluster of bands of HA in the range 50,000-70,000 m-! was analysed because it is
generally recognised as the most reliable zone in which to define the splitting factor SF as a function
of temperature treatment. SF is defined from the sum of band intensities of the two peaks divided by
the intensity of the valley between them (Weiner and Bar-Yosef, 1990).

The peaks were processed using standard non-linear least squares fitting procedures incorporated
in the Origin® software assuming for the transmitted line shape a symmetric Pearson VII type function
and a polynomial background of order 1.

3. Results

Data from all the burnt bones examined and belonging to the chamber’s necropolis are collected in
Table 1. For the sake of simplicity we will discuss mainly the XRD data in terms of average crystallite
size given in Angstrom (A) units and corresponding temperature of fire associated with it, according
to our previous calibrations (Piga et al., 2008b, 2009a).

The graphs of Figs. 6 and 7a and b are referred to XRD patterns and FT-IR spectra of six representative
specimens belonging to all the necropolis chambers, in order to appropriately compare both of the
techniques employed (Fig. 8).

Firstly, the XRD patterns reveal that the examined samples are almost totally single phase, i.e., in
all cases they are dominated by the HA fingerprint (Fig. 6).

The presence of carbonate units CO52-, that may substitute for phosphate groups PO43- in the
apatite structure, may separate from the bone during the deposition time and may amount to not
more than 7-8 wt% according to Wopenka and Pasteris (2005) if they are of endogenous origin. Only
a minor quantity of calcite (CaCQ3) (less than 5wt%) is found in the specimen IPC764, which seems
compatible with an endogenous origin, even if we cannot totally reject the presence of calcite due to
lime in the nearby environment.

From XRD a large peak broadening from bottom-to-top, in the patterns of specimens IPB14-62,
IPCG64B and IPA-1 respectively, is also evident.

For the other specimens, an increase in sharp peaks is also visible, which is generally ascribed
to growth processes of the apatite phase when subjected to high-temperature fire, such as that cre-
ated during a cremation process. Thus, it can be surmised that some of the bones were subjected to
cremation practices at high temperature, while others were subjected to a low temperature treatment.

Similar deductions are supported also by the FT-IR spectra of Fig. 7a, where the graphs of the same
specimens are reported in the wave-number v range from 40,000 to 200,000m-'. It is possible to
recognise three main groups of bands in the range 50,000-70,000m ', 100,000-120,000m! and
140,000-160,000 m—!, which are generally assigned to the energy mode v4 of phosphate groups, v
of phosphate groups and to the vy of carbonate groups respectively (Lafon et al., 2008).

The graphs in Fig. 7b are a magnification of FT-IR spectra in the range 50,000-70,000m ' and
highlight the band structure of v4 phosphate groups from the point of view of the splitting factor SF.
In our previous calibration of FT-IR spectra it was established that the appearance of the shoulder at
ca 63,400 m-! indicates fire temperature between ca 700 and 800°C and persists until 1000-C (Piga
et al., 2010).

It can be quickly observed that the sharper peaks of XRD structure factor and the sharper of vy

splitting factor in FT-IR spectra are in overall agreement. Thus, the combined use of both techniques is
14
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Table 1

List of 67 burnt remains from the S'lllot des Porros necropolis, with anthropological information, part of the body analysed, the
average domain size of HA crystallites and corresponding temperatures to which the bones were likely subjected according to
our calibration (Piga et al., 2008b, 2009a).

Sample code Age Sex Chamber Part of the Average Temperature
body crystallite (=C)
analysed size (A)
IPA-62 cr.2 4-5 years old - A Cranium 1115 825
IPA-2 14-15 years old - A Cranium 974 850-900
IPA-2(2) 14-15 years old - A Cranium 920 775
IPA-9 14-15 years old - A Cranium 957 850-900
IPA-7 Adult o' A Cranium 260 650
IPA-8 3-7 years old - A Cranium 2108 1000
IPA-8(2) 14-17 years old - A Cranium 2236 1000
IPAI-1{1961) Adult o' A Cranium 213 650
IPAI-4 Adult ' A Cranium 185 300
IPAL-7a Adult o' A Cranium 205 400
IPAI-2 Adult Q A Cranium 223 600
IPAI-3 Adult Q A Cranium ey | 650
IPA-6 Middle aged Undetermined A Cranium 2138 1000
IPA-10 Undetermined Undetermined A Cranium 2784 1000
IPA-2(1961) Adult Q A Cranium 1829 1000
IPA-11 Middle aged Q A Cranium 1850 1000
IPA13 Adult d A Cranium 199 400-500
IPAI-5 (1961) Adult Undetermined A Cranium 190 300
IPBF Infantile Undetermined B Cranium 2158 1000
IPB13 Middle aged o B Vertebra 195 400
IPB13(1961)}2 Middle aged o B Mandible 193 400
IPB-21 4-5 years old - B Cranium 194 400
IPB-28 <19-20 years old - B Temporal 182 300
bone
IPB-912 Middle aged o B Cranium 195 400
IPB-14(1961) Adult o B Cranium 196 400
IPB-6 (1961) Senile o' B Cranium 175 200
IPB-22" Senile o B Cranium 180 300
IPB-5! Middle aged ' B Cranium 196 400
IPB-8" (1962) Middle aged o' B Mandible 203 400
IPB-9 (1961) Middle aged o B Cranium 186 300
IPB-7 (1962) Adult 2 B Cranium 183 300
IPB-9" Adult Q B Cranium 176 200
IPB-ni (1962) 40-50 years old Q B Mandible 185 300
IPB-20 Senile (60 yearsold) & B Cranium 190 300
IPB-23(1961) Adult Q B Cranium 192 300
IPC7 (1964) Adult o C Fermur i 750-775
IPC7 (1964)-2 Adult o C Cranium 2008 1000
IPC-8 9-10 years old - i Cranium 252 650
IPC-64B Juvenile - C Cranium 248 650
IPC-35(1964) Adult C Cranium 193 400
IPC-4 Undetermined Undetermined C Cranium 195 400
IP-27d 11 years old - Undetermined Femur 1340 900
IPH-4-1 Juvenile - Burial H Cranium 184 300
IPN-3 Juvenile (17-18) Q Undetermined Mandible 197 400
IPN-8 Adult ' Undetermined Cranium 195 400
IPN-37 Adult o' Undetermined Cranium 182 300
IPN-32 Adult ' Undetermined Mandible 186 300
IPN-33 Adult d Undetermined  Cranium 181 300
IPN-41 Middle aged o' Undetermined Cranium 198 400
IPN-42 Middle aged d Undetermined Cranium 181 300
IPN-43 Juvenile-adult Q Undetermined Cranium 183 300
IPN-45 Middle aged d Undetermined Cranium 184 300
IPN-48 Adult o Undetermined Cranium 190 300
IPN-50 Middle aged o Undetermined Cranium 191 300
IPN-24 Middle aged Q Undetermined Cranium 185 300
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Table 1 (Continued )

Sample code Age Sex Chamber Part of the Average Temperature
body crystallite (=C)
analysed size (A)

IPN-34 Adult Q Undetermined Cranium 190 300

IPN-46 Adult Undetermined Cranium 198 400

IPN-38 Middle aged Undetermined Undetermined  Cranium 186 300

IPN-39 Adult Undetermined Undetermined Cranium 194 400

IPN-40 Adult Undetermined Undetermined Cranium 192 300

IPN-10 Adult Undetermined Undetermined Cranium 240 650

IPN-11 Adult Undetermined Undetermined Cranium 197 400

IPN-35 Adult Undetermined Undetermined Cranium 180 300

IPN-44 Adult Undetermined Undetermined Cranium 190 300

IPN-47 Adult Undetermined Undetermined Cranium 190 300

IPN-20 Adult Undetermined Cranium 185 300

IPN-25 30-40 years old Undetermined Undetermined Femur 1340 a00

a powerful tool to assess whether the bones have been subjected to fire and, with fairly good reliability,
to which temperature (Piga et al., 2010). In the present context we have restricted our analysis of
“crystallinity” making reference only to the values of the average crystallite size from XRD for which
the data inspection was complete.

Concerning chamber A, the large values of the average crystallite size for 10 out of 18 specimens
examined seem sufficient to conclude that they were preferentially subjected to a cremation pro-

X-ray Intensity/ arb. un.

IPC764-2

IPC64B

IPB14-62

| (i III|III IIIIIIII-IIII-I_-I HA
1 L rren || (RN III|I| (I II| il Calcite
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20 40 60 80 100 120
Scattering Angle 26

Fig. 6. XRD patterns of cremated bones from the 5'lllot des Porros necropolis: IP-B14-62, IPC64B and IFAI1 samples display
a large peak broadening with respect to the remaining specimens on account of a weak thermal treatment received. With
the Rietveld method the goodness of the fit between calculated and experimental patterns is measured in terms of numerical
agreement factors so, this approach appears the most complete for evaluating simultaneously experimental data quality (i.e.
signal-to-noise ratio) and/or credibility of model assumptions.
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Fig. 7. (a) FT-IR spectra where graphs of the same specimens are reported in the wave-number v range from 40,000 to
200,000 m~'. It is possible to recognise three main groups of bands in the range 50,000-70,000m~', 100,000-120,000 m!
and 140,000-160,000 m~', which are generally assigned to the energy mode va of phosphate groups, v3 of phosphate groups
and to the vy of carbonate groups respectively. The spectra are ordered on increasing SF factor. (b) FT-IR transmittance peaks
of the phosphate group where the SF is evaluated. Note the appearance of a shoulder at 63,400m~! for temperatures above
700+C, in the IPC764, IPA9 and IPC764-2 specimens, as indicated by the circle.
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Fig. 8. Plot showing a range of temperatures vs. each necropolis chamber mainly estimated after the analysis of XRD data. The
estimated thermal treatment of bones without information on their original provenance is also reported.

cess, as it is also reflected in the corresponding temperatures which were estimated according to our
calibration; four bone specimens (IPAI-4, IPAI-7a, IPA13 and IPAI5-1961) appeared to be treated in
a temperature range from 600 to 650 °C, which might be ascribed to an incomplete cremation. This
can be attributed to an insufficient amount of combustive material used in the pyre or to any other
accidental interruption of the ignition process.

There are at least two possibilities to consider: either the bodies were first stripped of flesh and
later cremated (that is what is meant by secondary cremation) or, a fire was used after the burials in
order to clean the chamber of decomposed remains.

Data relevant to the individuals retrieved from chamber B reveal a different situation with respect
to the one that emerged from chamber A. In fact, only the specimen IPB3! appeared to be cremated
at high temperature, while the remaining specimens where subjected to a mild heat-treatment as it
is testified by the low crystallite size of HA nanocrystals. From these data the temperature of heat
treatment should be in the range 200-400 °C, which confirms the morphological visual observations
carried out on the remains of chamber B. The bones appeared stained but without any morphological
feature typical of a high-temperature cremation.

We can rationalise this situation by admitting occurrence of one or several “cleaning” or “purifica-
tion” fires that affected the previously inhumed bodies. From this, it can be surmised that chamber B
was used for remains cremated at high temperature only in exceptional cases, such as that represented
by IPB31.

In chamber C, the number of available individuals is reduced compared with the previous two
chambers. In any case, we observe a variable situation, from a case typical of a high-temperature
cremation for sample IPC7 (1964)-2, to three cases of intermediate and incompleted combustion to
finally, two specimens that were apparently treated at moderate temperatures (<400 °C).

Concerning the specimens for which information related to the funerary chamber of provenance
was lost, we may conjecture that the majority very likely belong to chamber B, except for the specimen
(IP-27d), that turned out to be cremated at high temperature, which is characteristic for chamber A.

Finally, the specimen IPN-11 (treated at 650 “C) may have been allocated either to A or to C chamber,
if the trends pointed out before, for the use of each chamber, turn out to be true.
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4. Concluding remarks

The Cchamber of S'lllot des Porros, the most ancient ([Vith century BCE) and with the largest number
of inhumed remains, contains the smallest number of remains that were exposed to fire and in just one
case it seems possible to attribute a genuine high-temperature cremation. The cremated bones were
found in the upper layer of the chamber. Thus, we are dealing with individuals that were deposited
there during the last use of the funerary structure, probably at the beginning of the Illrd century BCE.
From this layer onward we do not possess remains with a clear attribution of temperature level and
the calibrated radiocarbon dating does not overtake the limit of 210 BCE. Actually, this is the oldest
date for Majorcan cremations as some other remains have been dated with lower precision between
the IVth and the IInd century BCE (Guerrero et al., 2005).

It was only afterwards, very likely at the end of the IlInd century BCE, that chambers A and B began
to be used. In addition, the pottery and other materials found belong to the lind century BCE, going
from the second half to the end of the century, which is consistent with the radiocarbon date reported
before.

We may argue, that when chamber C was considered obsolete, chambers A and B were established
almost simultaneously, although from the stratigraphic point of view the use of chamber B appears to
be later to chamber A. Furthermore, chamber A appears to have high-temperature cremations, while
the cremations in chamber B appeared to be carried out at lower temperature. Inhumations were also
retrieved at the bottom layers. In these chambers, cremations at high and low temperatures appear
to belong to the lower layers together with some inhumed bodies; this matches with a cleaning ritual
at low temperature, as suggested before.

Therefore, based on the results presented here, we can exclude earlier interpretations that crema-
tion rite was following inhumation with a short period of coexistence (Fig. 2). Thus, the basic distinction
between cremations at high and low temperatures allows us to suggest very distinct rites, the first
one involving a special treatment of the body during the funeral, and the second likely following a
treatment to the chamber rather than to the bodies themselves.

These cleaning operations have been known for the same period in collective inhumation caves in
the nearby area of Pollenga (Majorca; Encinas, 1970).

Both the Pollenca’s Bay and the Alcudia's Bay, where S’lllot des Porros and Son Real are located, are
the closest areas of Majorca to the near island of Minorca, where cremations have also been reported
(Veny, 1982; Gornés et al., 2006). Finally, we have to recall that for earlier times the use of lime upon
the inhumed bodies helped to maintain the caves availability for further burials (Waldren, 1982).

Then, it is possible to argue that the two new chambers were differentiated, where B was dedicated
to inhumations and A to cremations, the cremations found in B being very likely a result of a cleaning-
purification of the burial area.

This latter hypothesis is also supported by the fact that in chamber A the cremations appear to be
carried out on fresh bones, as suggested by the bone reduction and transverse fractures. Conversely,
in chamber B the fire appeared to be carried out on dry bones since the materials do not show any
fracturing lines nor the associated contraction due to evolution of collagen and water. For sure, the
fracturing features were influenced by the low temperature of the combustion.

In general terms, these funerary chambers are relevant to the whole context of the Balearic Islands,
because most of the indigenous population at this time was buried in natural or artificial caves (Coll,
1989; Micd, 2005). So, a costly though still collective monument appears in S'l[llot des Porros, while
even in the nearby cemetery of Son Real the tombs built in stone are, in terms of the cost, much poorer
than the prior ones in the same necropolis (Hernandez-Gasch, 1998). However, the relative absence
of wealthy funerary items in the site has to be considered, with respect to the cemeteries in the island
of Majorca and, in any case, particular differences in the funerary items between chambers were not
observed, implying no evident social differentiation.

Cremation is supposed to be a prestigious and distinct rite associated with the best chamber (likely
chamber A). Not only the costs of fuel for cremation are higher compared with a simple inhumation,
but also the introduction of a new cultural rite may be associated with social groups, who wanted to
show themselves different with respect to the remaining population by adopting distinguishable and
costly customs and products of foreign people.
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This hypothesis echoes some anthropological data for S'lllot de Porros burials, suggesting that
the presence of people taller and slimmer with respect to other communities of the island could be
interpreted as elite, though it has to be maintained that these observations refer to an inhumed series
(Malgosa, 1992; Rihuete Herrada, 2003).

Finally, if we take for granted the existence of distinct family tradition to account for different
burial rites, we could then relate it to some kind of social condition. In this context it is possible
that some male individuals (probably adult and young) were in touch with other societies, such as
Punic or [talic people, who were using cremation. It is historically possible to relate this population to
the mercenaries following Carthage during the Second Punic War (218-201 BCE) and fighting against
Rome (Sanchez Leon, 2003a,b), as most of the cremated remains can be dated to the IInd century BCE.
Alternatively, or in addition to it, we need to bear in mind that the Balearic Islands begin to fall into the
commercial orbit of Rome in the lInd century (Puig, 2005), as cremation was also a funerary practice
related to family tradition in the Italian peninsula.
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Chapter 4.4: A unique case of prone position in the primary cremation

Tomb 252 of Monte Sirai necropolis (Carbonia, Sardinia, Italy).
Authors: Giampaolo Piga, Assumpcio Malgosa, T.J.U. Thompson, Michele
Guirguis, Stefano Enzo.

International Journal of Osteoarchaeology (DOI: 10.1002/0a.2270).

Another extremely interesting case concerns the Phoenician-Punic Necropolis of
Monte Sirai (Carbonia, Sardinia, Italy). In this necropolis there is a wide archaeological
documentation about different and peculiar funeral rites (Guirguis, 2011). This paper
presents the case of Tomb 252 that contained the cremated remains of an individual,
probably male. Comparison of the excavation records alongside reconstruction of the
bone material itself makes clear that the individual was cremated in a prone position.
This is the first case of prone cremation reported in the literature.

The exceptional state of preservation of almost the entire skeleton allows the
distribution of temperature on representative parts of the whole body to be assessed, and
determination of the possible existence of a central focus.

Macroscopic examination of bones is useful to gain a general idea of
temperature, though more advanced techniques, in the form of XRD and FT-IR analysis
are required to gain a more precise temperature range across the entire body. The
combined use of these methods can contribute to our understanding of cremation
temperature, its homogeneity throughout the skeleton and its duration.

Both the X-ray crystallinity and the SF value of the v4 phosphate band converge
to similar values of temperature, which is further supported by those deducible from
C/P of v3 CO3 * and v PO,

Data obtained with the two techniques are almost concordant, except in a few
cases (vertebrae 1 and 2, left ulna and both femurs) where the temperatures obtained
with the analysis of X-ray diffraction are a little higher. These differences do not exceed
100°C and are not worthy of further interpretation since they may be thought to

coincide within their experimental uncertainty.
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A series of graves belonging to the Phoenician period were investigated after the campaign excavation of
2007 in the Phoenician-Punic necropolis of Monte Sirai (Carbonia, Sardinia, ltaly). One tomb in particular
{labelled 252) is presented here because of its uniqueness. Tomb 252 contained the cremated remains of
an individual, probably male, and comparison of the excavation records alongside reconstruction of the bone
material itzelf makes clear that the individual was cremated in a prone position. It represents the first case of

To investigate whether the temperature of the cremation was homogenous across the entire body, we have
conducted a combined physical-chemical analysis using X-ray diffraction spectroscopy and Fourier

Key wards: Fourier transform infrared spectroscopy; Phoenician age; primary incineration; prone position;

ABSTRACT
prone cremation reported in the literature.
transform infrared. Copyright © 2012 John Wilsy & Sons, Lid.
K-ray diffraction
Introduction

Historical background of the site

The site of Monte Sirai is located in the South-Westem
part of Sardinia near the city of Carbonia [Figure 1
(a and b)]. It is thought to have been established by
the Phoenicians of Sulky (today known as S. Antieco} or
by the early settlers living in the anonymous downtown
of Portoscuso around 740BC (Botto, 1994). Soon after its
foundation, the site assumed an importance for its
strategic position near the coastline and as a gateway to
the Campidano plane of the island. Around the vear
5408C, Carthaginians attempted to occupy the island
and, after initial defeat, was successful a few years later.
The population of Monte Sirai was massacred and the city
almost completely destroyed. On the basis of funerary
evidence, in the form of 13 Punic-type tombs thought

* Correpondence to: Giampaolo Piga, GROB (Crup de Recerca en
OsteoBiogrha), Unitat d'Antropologia Biologica, Department de Biologia
Animal, Biologia Vepetal | Foologia, Universitat Autonoma de Barcelona,
Edifici C, 08193 Bellaterra, Barcelona, Spain.

e-mail: kemiom ara@yahoo. it
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to represent family tombs, it is estimated that only a
dozen families inhabited the settlement after this event.
This situation remained approximately the same until
360BC, when Carthage decided to strengthen various
Sardinian sites, including Monte Sirai. After 238 BC, and
during the Neo-punic period, the fortress of Monte Sirai
was completely demolished, and a new city plan that
utilised four large building armays was established. By
110BC, the site was abandoned and only sporadically
inhabited thereafter (Bartoloni, 2000),

This abrupt end, coupled with an absence of imperial
Roman occupation (which has disturbed the archae-
ology of other major Sardinian settlements such as Sulky,
Tharros, Cagliari, and Nora) allows the thorough inves-
tigation of Phoenician and Punic burial customs.

Evidence for burial customs at Monte Sirai

Excavations at Montr Sirai were conducted between 1963
and 1966 AD and then again from 1980 to between 2005
and 2010 AD (Bartoloni, 2000, Guirguis, 2010).

These research excavations identified three distinct
burial areas (Figure 2). The first is a broad valley that
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Figure 1. (a) The location of Monte Sirai Necropolis and (b) a magnification of its nearby context in the island of Sardinia (reproduced by kind
permission of Prof. Bartoloni). This figre is available in colour online at wileyonlinelibrary. com/joumal/oa.
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Figure 2. Aerial view and the overall site plan of the different sectors of the Monte Sirai necropolis (elaboration by R Pla Orquin) This figure is
available in colour online at wileyonlinelibrary .com/joumal/oa,
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opens just east of the Chambers tombs and is of Punic
age (Hypogeum sector), with two other distinct areas
along the north-east direction. The southern sector
has returned the oldest evidence to date (late 6th
century BC), whereas the Y8 square directed eastward
and northern to the so-called parking area gradually
achieved the horizons of late archaic and early Punic
age. The primary cremation graves were located mainly
in the southemn sector of the necropolis (Figure 3},
where the natural troughs of tuff are more pronounced.
The chronology of these tombs ranges from the late
7th century BC until the second half of the 6th century
BC (Guirguis, 2011).

During the most recent campaign, 96 burials were
identified and attributed to an extended chronological
period between the end of the 7th and the second half
of 4th century BC, which allow diachronic changes in
funerary rites to be detected.

During the earliest phases of the site, there is some
variety in funeral rites. During the Phoenician era
{between the late 7th to the end of 6th century BC),
body cremation was the predominant rite, but in the

Punic age, that is, after the Carthaginian conquest,
inhumations began to appear, with the bodies often
being placed within hypogeal chambertombs (Bartoloni,
2000, Guirguis, 2011).

Finally, a recent study by Piga et al. (2010a) identified
the existence of a rite midway between incineration and
inhumation, called semi-combustion, that was associated
with the burials dating to the late archaic/early Punic
age (from the late 6th and throughout 5th century
BC). Evidence for this was recovered from the periphery
of this necropolis and appears to be present only at this
site (Piga e al., 2010b).

The rite of primary cremation in the necropolis of
Monte Sirai

Within the Monte Sirai necropolis, Tombs 250 and 252
are typical Phoenician primary cremation burials in a
grave, whose ritual performance was described in derail
by Bartoloni (2000}). The process, as exemplified by
Tomb 250, can be summarised as follows: First, an
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Figure 3. Plan of the southern sector with an indication of the burial ritals identified (reproduced by kind permission of Dr. Guirguis). This figure is

available in colour online at wileyvonlinelibrary com‘joumal/oa.
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ellipsoid cavity was dug about 2m in length and about
40cm in depth, the gravediggers retaining some tuff
for later use.

Analysis of ancient funerary kits, including pitchers
thought to contain ointment, suggests that the bodies
were cleaned and anointed with special ritual vessels.

After the ancinting, the body was equipped with
jewels, amulets, and other objects. In addition to per-
sonal items, the bodies of women were accompanied
by a set of pots. Generally, five vessels, including the
ritual vessels, were placed inside with the women,
whereas the men had three vessels and children only one.

The body was then wrapped in a shroud and laid
on some boards that had served as a deathbed In
the meantime, branches of oleaginous shrubs were
collected and placed along the length of the grave. Fire-
wood was stacked above the branches and the body laid
on the woodpile, which was then set alight (Figure 4).

The combustion was of relatively short duration, but
continued until the bones were calcined and to the point
when the wood was chamed completely and collapsed
into the grave. The remaining flames and hot coals were
probably extinguished with water. This is suggested by
the excellent state of preservation of charred wood,
recovered in large fragments (Guirguis, 2010) (Figure 3).

In the case of Tomb 250, it seems that some large
fragments of amphorae walls were deposited, whereas
the two jugs used for rituals anointing of the body were
placed at the bottom of the grave (Figure 6).

After the deposition, the bones and the charred wood
were completely covered and sealed with the tuff previ-
ously set aside together with clays. Thus, the grave was
covered with a mound formed by stones and earth. Finally,
a stone was used to highlight the presence of the tomb.

The main aim of this study is to analyse all the
biological elements of this special ritual in Tomb 252,
to determine the state and position of the body and

Figure 4. The body was buried along with equipment and personal items on
the woodpile and lealy (reproduced by kind permission of Prof. Bartolond).
This fiygure is availible in colour online at wileyonlinelibrary. com/journal/oa.

Capyright © 2012 John Wiley & Sons, Ltd.
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Figure 3. A large trunk of charred wood, residue of the funeral pyre,
found in Tomb 250, which overlooks the shallow pit where the bones
and funerary kit were deposited after turing off the fire intentionally, This
figure is available in colour online at wileyonlinelibrary com/joumal foa.

the temperature of the pyre. The discovery of almost
all parts of the skeleton allows us to undertake a
detailed analysis not always possible in such contexts,
that is, to analyse the homogeneity of the temperature
and intensity of fire in various parts representative of

the whole body.
Materials and methods

Both X-ray diffraction (XRD) and Fourier transform infra-
red (FT-IR) can be used to assess the nature of the crystal

Figure 6. When combustion occurred, the funeral kit consisting of one or
mure clay pots was laid (reproduced by kind permission of Prof. Battoloni).
This figure is available in colour online at wilevonlinelibrary.com/gourmal/oa.
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structure of burned and cremated bone, and this in turn
can be related to the temperature or intensity of burning.

The XRD approach comelates crystal size with
temperature (Piga et al., 2008b, 2009), whereas the FT-
IR method links the splitting factor (SF) with the same.
Both approaches have been used in experimental studies
{eg, Rogers & Daniels, 2002, Thompson e al., 2009,
2011, Piga et al., 20103; Rogers ¢ al., 2010) and are now
being increasing applied to real-world archaeological sites
and contexts (e.g, Enzo e al, 2007, Piga et al., 2008a,
2010b; Squires e al, 2011). Their application is
becoming increasingly accepted and sophisticated and is
allowing better interpretation of ancient funerary practices.

Bone samplfs

The recovered bones were of different sizes and very
fragile. Where possible, the cremated remains were
cleaned with water. LUnidentifiable frmgments were classi-
fied simply by type of bane. The partial and total recov-
ered remains were weighed to assess the percentage of
recovery of each body area. Standard criteria ( Ferembach
et al., 1977-1979; Krogman & lscan, 1986, Ubelaker,
1999, Curtin, 2008) were used for the creation of the
osteological profile.

XRD analysis

In an agate jar, we ball-milled 0.5g of each bone
fragment for 1 min using a Spex mixer-Mill from SPEX
Industries, Edison, New Jersey (USA). Our sample
holder for XRD analysis is a circular cavity of 25 mm
in diameter and 0.3mm in depth. It contains about
420 mg of powder bone.

The XRD patterns were recorded overnight using
Siemens D-500 and Bruker D8 from Bruker Scientific
Instruments (Bruker AXS Inc., Madison, W1, USA) in
the Bragg-Brentano geometry with CuKa radiation
(A=154178A). The X-ray generator worked at a
power of 40kV and 30mA, and the resolution of the
instruments (divergent and antiscatter slits of 0.5%)
was determined using -5i0; and %-AlLO; standards
free from the effect of reduced crystallite size and
lattice defects (Enzo ¢t al.,, 1988).

The goniometer was equipped with a graphite
monochromator in the diffracted beam, and the
patterns were collected with 0.05% of step size, which
tumned out to be adequate for the range of crystallite
size in apatite phases here investigated. The powder
patterns were collected in the angular range 9-140°
in 20, with counting time of 40s per point. Digitised
diagrams were analysed according to the Rietveld
{1967) method, using the programme MAUD (Materials

Copyright © 2012 John Wiley & Sons, Ltd
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Analysis Using Diffraction) (Lutterotti & Bortolotti, 2003},
which is able to incorporate the instrument function
determined separately as explained earlier.

FT-IR analysis

FT-IR spectra were collected with a Bruker Vertex 70V
from BrukerScientific Instruments (Bruker AXS Inc.,
Madison, W1, LISA) interferometer in terms of absorbance
versus wavenumber v in the range 400-4500cm ™', with a
resolution of 4 cm ™ '. About 3 mg bone was hand-grinded
and mixed with KBr to a weight ratio 1: 100, respectively,
to make pellets suitable for beam imadiation. Every
spectrum was obtained by averaging 250 interferograms.

It should be considered that bands of the infrared
spectrum of recent and fossil bones are relevant to
obtain molecular information conceming the phosphate/
carbonate group ratio. Additional bands may also be
evaliated because of minerals other than those related
to the apatite-like structure.

Crystallinity index and other ratios

The crystallinity index adopted here is the same as what

has been used in the majority of archaeological

Figure 7. Reconstruction in the laboratory of the skeleton from Tomb
152, exceptionally preserved This figure is available in colour online at
wileyonlinelibrary com/joumal/oa
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Figure 8. (a) Right orbital roof with the presence of aibra orbitalia. (b) Vertebra with Schmorl's nodes. This figure s available in colour online at

wil evonlinelibrary, com/journal foa.

applications. The absorption bands at 605 and 565cm '
were used following baseline comrection, and the heights
of these absorptions peaks were summed and then
divided by the height of the minimum between them
(Weiner & Bar-Yosef, 1990). The carbonate/phosphate
ratio ((JP) was also calculated. Here the absorption peak
at 1415cm " was divided by the peak at 1035¢cm ™
as used in Shemesh (1990), Wright and Schwarcz
{1996), Koonetal (2003), Olsen et al. (2008}, Thompson

etal. (2009, 2011) and Piga ¢t al. (2010a). Note that some
publications use a slightly different definition for this
ratio (Pucéat e al., 2004). As these peaks comelate to
the amount of carbonate and phosphate, this ratio allows
one to comment upon changes to the carbonate content
bone following burning (Thompson e al, 2009). A
combination of both ClI and (VP has been used to
successfully show differences in cremation and funerary
practices (Squires ¢t al |, 2011).

Figure 9, (a) Tomb 252 in which are observed the disposition of various bones compatible with ulna (1), fernur (2) and tibia (3). (b) Proximal epiphysis
of left ulna reconstructed in the laboratory. This figure is available in colour online at wilevonlinelibrary com/joumal/oa.

Copyright © 2012 John Wiley & Sons, Ltd.
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Results

Anibmpo!agimi siutfy of the cremated remains and
description of the prone position

The recovered banes generally have a white coloration
(there are also fragments of blue colour), transverse
fractures and marked warping. The grave contains the
remains of at least one cremated individual that is very
well preserved for cremated remains (Figure 7), to the
extent that pathologies such as Schmorls nodes
(Ustundag, 2009) are still detectable.

The markers to determine the age are limited to the
epiphyses and the state of the cranial sutures. Concern-
ing the first, the humeral, femoral and tibial epiphyses
show no trace of the epiphysial line. However, the
coronal obliteration shows an onset of intracranial
suture subtracting exocraneal at fully open and so are
the rest of the sutures.

Overall, both markers suggest that this is a fairly
young adult: The epiphysis fusion is observed in the
range 14—18years old for women and in 16—19 years
old for men (Krenzer, 2006). Unfortunately it is not
possible to refine the ageing further.

With regard to biological sex, the orbital rim, the
maxilla and mandible, and the epiphyses of the bones
of the forearms all show a gracile nature. The pelvis
shows a narrow sciatic notch, typical of male indivi-
duals, although bone shrinkage and fragmentation of
the cortex may have caused some changes. The
diameter of the left femoral head (42.20 mm) is inter-
mediate, although the bicondilar width (73.35mm)
falls within the range of a male individual {Krenzer,
2006). Again, shrinkage can have an impact here, but
generally, this is to mask men as women (Gongalves,
2011). No major morphological changes are observed
related to arthritic problems or anomalies due to special
pathologies, although there is the presence of cribm
orbitalia (Subira ¢ al., 1992) in the right orbital roof,
and Schmorl's nodules in at least two vertebral bodies
are worth of note [Figure 8(a and b)], the former being
an affliction of childhoed.

Two diaphyseal bone fragments of the upper
extremities are observed in the northem part of the
grave, namely, the proximal epiphysis and diaphysis
of the left ulna [Figure 9(a and b)].

In the centre of the grave, next to a dish, we
can clearly see the left proximal femoral epiphysis
{(Figure 10}, as well as a distal femur and proximal tibia
that appear to be articulated [Figure 11(a—c)].

Overall, it is possible to reconstruct the original
position of the body, oriented north—south (head
to toe). Bone fragments comesponding to the left half

Copyright © 2012 John Wiley & Sons, Ltd
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Figure 10, Left coxal and left proximal epiphysis of the femur (1-2),
distal diaphysis and epiphysis of the left femur (3) and proximal epiphy-
sis of the left tibia (4) in situ, This figure is available in colour online at
wilevonlinelibrary. com/joumal’oa.

of the body (ulna, pelvic, femur and tibia) were found
in the western half of the tomb retaining some joints and
the bones of the right half of the body (the proximal
epiphysis of right humerus, the proximal fragment of
the right olecranon base of radium, the proximal region
of right femur with surgical neck and neck anatomy)
on the opposite side, which is an anomaly when one con-
siders the usual cremation of the body in supine position.

It is highly unlikely that the skeletal elements would
have switched sides as a result of the cremation process,
and this therefore suggests a deliberate deposition of
the body in a prone position. Presence of blackening
on the anterior distal left femur from charceal
(Figure 12) further supports this hypothesis. This
disposition of the bones, along with the mixture of
charcoal and soil, suggests that the cremation was
carried out m situ. This is indicated also by the smallest
bones recovered during excavation, such as Womian
bones and phalanges, whose inventory is not usual
when the remains of a cremation are collected for
deposition in an umn or in a grave dedicated only to
contain the remains from the ustrinum.

XRD/FT-IR analysis

The exceptional state of preservation of almost the
entire skeleton allows the distribution of temperature

Int. T Osteoarchaeal. (2012)
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Figure 11. (a) Left coxal (1), (b) Proximal epiphysis of the left femur (2). (¢) Diaphysis of distal femur and proximal tibial epiphysis (3, 4)
g L Py [ i 2 P \
photographed in the laboratory. This figure i available in colour online at wileyonlinelibrary. comfoumal/oa

on representative parts of the whole body to be
assessed and to determine the possible existence of a
central focus.

Figure 13 shows the experimental XRD pattems
(blue dots) of two specimens that show the largest
difference in terms of crystallinity found in the course
of the present investigation.

The data are depicted in the y-axis according to the
experimental intensity times the variable g = 4(n/i)
sinfl (logarithmic scale) in order to emphasise the
presence of weak peaks, which are very important in
diffraction in order to reveal the fine details of the
whole structure inspected.

The full curves are their relevant fit according to
the Rietveld method. The featureless curves represent

Copyright © 2012 John Wiley & Sons, Ltd

92

the background line determined by the numerical
procedure. As usual, at the bottom of each pattern,
we show the band of residuals that supplies a comple-
mentary insight of how 'good’ is the fit with respect
to the experimental data.

Maoreover, the two specimens turned out to be made
by a single bioapatite phase, and the sequence of bars
representsthe locationofeach peakexpectedonthebasis
of the monaclinic apatite structure (Elliott ¢ al_, 1973).
The different degree of crystallinity in the two patterns
is related to the different peak sharpening clearly
evaluable from the direct comparison of the data. In turn,
the degree of sharpening has been used to estimate the
temperature to which the binapatite of bones was treated
during the cremation process.

Int. I Osteoarchaeol. (2012)
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Figure 12, Front of the left femur blackened by contact with charcoal
in the soil. This figure is available in colour online at wilevonlinelibrary
com/joumal/oa

Table 1 shows in detail the results obtained through
the techniques of XRD/FT-IR, according to the meth-
odology established by Piga et al (2008b, 2009,
2010a) and Thompson et al. (2009, 2011} for both
techniques and their application on bumt remains (Piga
et al., 2010b; Squires ¢ al , 2011).

Both the X-ray crystallinity and the SF value of the
vy phosphate band converge to similar values of
temperature, which is further supported by those dedu-
cible from C/P of vy CO3~ and v; PO}~ bands, used in
the study of cremated bones. In particular, the /P
values are in the range between 0.04 and 0.10, index
of an intense and/or complete cremation (Squires
et al., 2011), whereas in only two cases (blue rib and
blue mandible}, we found a value of 0.15, which
confirms, together with the low values of SF and the
X-ray crystallinity, a less intense cremation.

As it can be seen from the FT-IR data {Figure 14), the
carbonate bands in the range 1400—1500cm™ ' can be
referred either to the main band of the phosphate group
v; in the range 1000—1100cm ' or to the phosphate v,
band in the range 500—700 cm™'. An additional carbon-
ate band occurs at ~870cm . In any case, the figure
points out a difference between the two cases examined
(the blue rib, bottom curve; and the vertebra 4, top
curve) in terms of carbonate group content.

It can be surmised that in the former case, the bone
was subjected to a mild thermal treatment (temperature
estimated of 700°C) whereas in the latter, all the indi-
ces extracted suggest a stronger thermal treatrment
{equivalent to 1000°C or above).

Copyright © 2012 John Wiley & Sons, Ltd
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Figure 13. A comparison of the XRD patterns from blue mandible and
vertebra 4 showing the different degrees of peak broadening enabling
the estimation of a different temperature reached by the bones after
the cremation process. See text for details about the curves, This figure
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Data obtained with the two techniques are almost
concordant, except in a few cases (vertebrae 1 and 2, left
ulna and both femora) where the temperatures obtained
with the analysis of X-ray diffraction are a little higher.
These differences do not exceed 100°C and are not
worthy of further interpretation as they may be thought
to coincide within their experimental uncertainty.

The values of the SF determined by the FT-IR tech-
nique in the bone remains are systematically much
higher than the values of the laboratory calibration
(Piga et al, 2008b, 2009, 2010a; Thompson et al,
2009, 201 1). This may be due to at least three reasons:

(a) A 'real' cremation differs from burning in the
laboratory for various factors: the presence of
viscera and soft tissues {which can act as add-
itional fuel); the physical characteristics of the
cadaver, such as its weight (Bohnert e al, 1998,
Shannon, 2011); and so on. This means that a real
fire can be much more intense and lasting that a
heat treatment in a muffle, and that the bones
have effectively undergone a heat treatment to
temperatures over 1000°C.

Int. I Osteoarchaeol. (2012)
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Average cryslallite size of hydroxyapatite, splitting facter, C/P values and estimating the temperalures calculated with both spectrometric technigues according to

Table 1.

Piga et al. (2008b, 2009, 2010a) and Thompseon et al. (2002, 2011) (both techniques give concordant resulls)

Temperature/|R-KBr
(Piga et al., 2010a)/°C

Temperature/IR-KBr
(Thompson et af, 2009)°C

SF C/P (+0.05)

(

SF- (KBHFT-IR
0.05)

TermperatureRD
(Piga et al, 2008b, 2009)C

Average crystallite
sizef?tf} [:'y‘lﬂ%}

Part of the body

§

=900 (45min)
=900 (45min)
=800 (45min)
=000 (45min)

600 (45min)< T <700 (15min)

=900 (45min)
200 (45min)
=800 (45min)
600 (45min) < T< 700 (15min)
=200 (45min
=900 (45min
=000 (45min)
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(b) The bones have been subjected to further pro-
cesses of ‘ageing’ as a result of the subsequent
burial, which are superimposed on the thermal
process and consequently in the values of the
crystallinity index.

(c) Differences can also result from the use of different
equipment and sample preparation (Piga et al,
2010a; Thompson et al., 2011).

Therefore, we conclude that the skeletal remains of
Monte Sirai have been treated with fire in a temperature
range of 1000°C, across the whole of the body,
whereas some spe-::lﬁc parts (see the evaluation for the
blue mandible and rib in Table 1) may have been
subjected to lower temperature values {e.g. 700°C)
because of uncompleted combustion processes related
to the oxygen available and/or to a dynamics of the
fire influenced by the contact of the body with the
wood branches.

Discussion and conclusive remarks

The prone position of the burals is generally rare
although some graves have been found with this
position. Arcini (2009) in her first global study of prone
burials suggested that it was a practice used in all
societies as disrespect or humiliation to the dead
According to Simmer (1982), the prone position may
be related to fear or reverence for the dead This

1 v(PO)*
5 1 v,(PO)

T T T T T
1000 1200 1400 1600 1800 2000

Wavenumber / cm!

T T
400 600 8OO

Figure 14. The FTIR patterns of two cremated specmens: blue rib
{upper curve) and the vertebra 4 (bottom curve ). The &Fﬂ.lﬁl are reported
in the wavenumber v range from 400 to 2000 an It is possible o
recognise three main groups of band in the range 500-700, 1000-1200
and 1400-1 E{ﬂmf', which are generally assigned to the energy mode
vy of the phosphate gmups, vy of the phosphate groups and v, of the
carbonate groups, respectively. The figure points out a sensible difference
between the two cases in terms of carbonate group content. Note also the
presence of a shoulder at 633cm ™' in the vertebra 4 spectra, which indi-
cates a higher cremation temperature on this spedmen.
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interpretation can be extended also to a case found in
Bologna, ltaly (Cornelio Cassai ¢ al., 2008), where
the nails of the shoes were found separated from feet
and near the skull. The location of the shoes in the
tomb and possibility that their feet were bound led to
an interpretation that this act was undertaken to
prevent the deceased from returning to the living.
Brothwell (1981) suggested another explanation for this
and other special positions that may be associated with
hasty burials or deaths in battles in which the
phenomenon of rigor mortis prevents any manipulation
of the body. Other authors think that the reasons may
be ritual, ceremonial or perhaps related to deliberate
imeverence, neglect or absence of the person responsible
for burial (Mc Whirr ¢ al., 1982). Some burials indicate
that the practice is probably linked to different social
status and religious beliefs (Murphy, 2008); indeed, it

has been highlighted that there is a comrelation between
individuals buried in prone position and those with
marked signs of violence or infectious diseases such as
leprosy or tuberculosis (Mc Whirr e al., 1982; Philpott,
1992, Boylston e al., 2000, Polo Cerda & Carcia Prosper,
2002; Murphy, 2008), although we do not see that here.
There are very few cases of prone burials across
Spain, France, Germany and [taly, but most relate to
the Roman period. For instance, in the region of
Veneto (Italy), the practice of prone burial appears to
be a tradition of long duration and features the oldest
cases in ltaly (Zamboni & Zanoni, 2010) (Table 2).
The Monte Sirai example presented here represents
the first reported case of a prone cremation in Europe.
Some cases of prone or anomalous positions associated
to the Phoenician age were found in the necropolis of
Khalde in the south of Beimut (Saidah, 1966), the

Table 2. Cases of depositions in the prone position in Spain, Italy, France and Germany

Mumber of
Necropolis cases Age References
Yaramila, Tscheremissinott (France) 2 Meolithic Chambon & Leclerc (2003)
Mecropoli Olmo di Nogara (Verona, [taly) 1 Bronze Age Salzani (2008)
Necropoli Scalvinetto di Legnago (Verona, Italy) 1 Bronze Age Salzani (1994)
Mecropoll di Vallone di Ostiglia (Mantova, Italy) 1 Bronze Age De Marinis (1987)
Sepolture di Trani (Bari, ftaly) 1 Iron Age Sublimi Saponetti & Scattarella (2003)
Mecropoli Franzine Muove di Villabartolomea 1 13th century BC Corrain et al (1967)
(Verona, ftaly)
Mecropoli Narde di Fratta Polesine (Rovigo, Italy) 1 12th to 9th century BC  Salzani & Colonna (20058)
Montagnana, Borgo S. Zeno (Padova, Italy) 1 10th century BC De Min (2005)
Oppeano (Veraona, ltaly) 3 9th to 5th century 8c  Catalano et al. (2008)
Necropoli della Colombara di Gazzo Veronese 2 Bronze Age to Drusini (2001)
(Verona, italy) Gth century BC
Via Tiepolo (Padova, Italy) 2 Gth to 4th century B¢ Corrain & Capitanio (1968)
Coll del Moro de la Serra d'Almos en Tivisa (Spain) 1 Gth century BC Cela Espin et al. {1999)
Mecropolis romana de la Calle Quart de Valencia " 2nd century BG to Polo Cerda & Garcia Prosper (2002)
(Valencia, Spain) 1st century AD
Mecropoli Romana Stazione Cenfrale di 1st century AD Cornelio Cassal et al. (2008)

Bologna (Italy)

Saint-Paul-Trois-Chateaux (France)

Roanne (France)

Mecropoli di Alba Pompeia (italy)

Mecropoll di Porta Palio (Verona, Italy)

Pargue de Miraflores y Centro de Congresos de
Cérdoba (Cérdoba, Spain)

Mecropoli Osteria del Curato (Roma, ltaly)
Mecropoli di Egnazia (Brindisi, ltaly)

i
(S5 OV N B -

Mecropoli di Via Cappuccini (Brindisi, Haly)
Plaga de la Vila de Madrid (Barcelona, Spain)
Scofa (Aquileia, Italy)

Necropoli Universita Cattolica (Milano, Ialy)
Mecropoli S. Pietro in Carpignano (Imperia, italy)
Mecropeli di Himera (Palermo, Italy)
Kaiseraugst (Germany)

Calles Huertos-Alorco y Plaza Moreria de
Sagunt (Spain)

Carretera de Carmona numero 6 de Sevilla (Sevilla, 1
Spain)

Pieve di Pava (Siena, Italy) 1

ol e Y a TN e

1st to 2nd century AD
1st to 2nd century AD
2nd century AD

1stto 2nd century AD
1st to 2nd century AD

15t to 3rd century AD
15t to 3rd century AD

1st to 3rd century AD

1st to 3rd century AD

2nd to 3rd century AD
1st to 5th century AD

4th century AD

4th to Tth century AD

4th to 7th century AD

5th to 6th century AD

5th to Tth century AD

12th century AD

Bel et al. (1992)

Bel et al (1992}

Filippi (1987)

Cavalieri Manasse & Bolla (1398)
Casal Garcla et al. (2004)

Catalano et al. (2005)
Andreassi (1987), Cocchiaro &
Andreassi (1988)

Cocchiaro & Andreassi (1988)
Jordana & Malgosa (2007)
Tiussi (1999)

Sannazaro (2001)

Martino (1998)

Vassallo (2005)

Martin (1221)

Cerda Polo & Présper Garcla (2005)

Carrasco Gomez & Doreste Franco
(2005)
Mongelli et al. (2011)
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Phoenician necropolis of Lages (Malaga) (Aubet, 1995)
and the necropolis from Himera, in the northem-central
coast of Sicily (Vassallo, 2003).

The reasons that justify this particular position,
perhaps linked to social factors, are difficult to under-
stand because of their specificity. No other apparent
case of anomalous deposition was observed in Monte
Sirai necropolis and no known cases in Sardinia at the
moment. However, several graves with skeletons
covered with rocks were observed in the Monte Sirai
necropolis. This was interpreted as a ritualistic gesture
intended to contain within the tomb the spirits of the
dead (called Rephaim) so they could not bother the
living (Simmer, 1982, Bartoloni, 2000).

A possible explanation might be related to the wind-
ing of the body in a shroud, as described in the rite of
primary incineration by Bartoloni (2000} and a subse-
quent accidental and incorrect positioning on the
pyre. This might also be responsible for the observed
difference in temperature to which some bones of the
body turned out to be subjected to. Of course,
another plausible hypothesis may be the intentional
prone deposition of the body during the incineration
ritual, perhaps to emphasise some diversity of the
individual within the community.

It is interesting to note, in all of this discussion, that
Tomb 252 is not removed from other supine burials at
this site and has therefore not been made peripheral in
terms of the actual burial.
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The separation of animal from human bone is an important component of any
archaeological or forensic osteological and histological analysis (Cattaneo et al., 1999;
Cuijpers, 2006; McKinley, 1994; Whyte 2001). It can be important for a range of
reasons, from determining the minimum number of individuals present, to
understanding funerary behavior, to comprehending human-faunal relations. This is also
true of burned skeletal material, but this work is greatly complicated by the range of
heat-induced changes that bone undergoes when burned (Thompson, 2005). Thus
studies which focus on the separation of different species of bone, especially if
fragmented, are extremely valuable. With this in mind, Beckett et al. (2011) reported in
a recent paper the possibility of determining the human rather than animal origin of
bone from the lattice parameters of the inorganic bioapatite phase from the diffraction
patterns of bones subjected to a high temperature heating treatment.

In our work, first we address the problem of whether the monoclinic P2,/b vs
hexagonal P6s;/m space group can make a substantial difference in terms of lattice
parameter values for the bioapatite of bones. Then we evaluate the most evident
structural changes involved after high-temperature treatment. Finally we discuss the
lattice parameter values of 42 (belonging to 25 species) heat-treated animal bones and
53 human bone samples from various Spanish and Italian necropolises.

The bones of were treated in a furnace at 1100°C for 36 minutes and compared to 53
cremated human bones collected from a range of ancient Spanish and Italian
necropolises.

Our results clearly show that in terms of lattice parameters the variability of
human specimens are completely overlapped by the non-human variability making the

use of XRD in order to distinguish animal from human bones questionable values.
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ABSTRACT

Keywords:
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Human bone identification

The possibility of determining the human or animal origin of bones from the lattice parameters of their
inorganic bioapatite phase, when subjected to a high temperature treatment using the powder X-ray
diffraction (XRD) technique, has been explored on a wide number of specimens. Forty-two animal bones
were treated in a furnace at 1100 “C for 36 min and compared to 53 cremated human bones from a range
of ancient necropolises. The X-ray diffraction pattemns of bioapatite were simulated using both mono-
clinic P21/b and hexagonal P63 /m structures to verify any occurrence of phase transformation and any
difference in the lattice parameters due to the model. It was determined that the differences between the
a-axis and c-axis of the monoclinic and hexagonal lattice were unimportant. Some outlving values were
revealed to be caused by the presence of chlorine ions diffused into the apatite structure increasing its
average unit cell values. Nevertheless, our results clearly show that in terms of lattice parameters the
varnability of human specimens are completely overlapped by the non-human vanability making the use
of XRD in order to distinguish animal from human bones questionable.

© 2012 Elsevier Lid, All ights reserved.

1. Introduction

The separation of animal from human bone is an important
component of any archaeological or forensic osteological and
histological analysis {Cattaneo et al, 1999; Cuijpers, 2006;
McKinley, 1994; Whyte, 2001). It can be important for a range of
reasons, from determining the minimum number of individuals
present, to understanding funerary behavior, to comprehending
human—faunal relations. This is also true of burned skeletal
material, but this work is greatly complicated by the range of heat-
induced changes that bone undergoes when burned (Thompson,
2005). Thus studies which focus on the separation of different
species of bone, especially if fragmented, are extremely valuable.
With this in mind, Beckett et al. {2011) reported in a recent paper
the possibility of determining the human rather than animal origin
of bone from the lattice parameters of the inorganic bioapatite

* Corresponding author, GROB (Grup de Recerca en OsteoBiografia), Unitat d"An-
tropologia Biologica, Department de Biologia Animal, Biologia Vegetal 1 Ecologia,
Universitat Autonoma de Barcelona, Edifici C, 08193 Bellaterra, Barcelona, Spain.
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phase from the diffraction patterns of bones subjected to a high
temperature heating treatment. Actually, the structural properties
of a substance are inspected by diffraction in terms of symmetry
operations compatible with three-dimensional periodicity of the
crystals, i.e., specifying one of the 230 possible space groups (see:
International Tables for X-ray Crystallography, 1965—68), com-
plemented with the geometry and dimensions of the unit cell of the
lattice (so-called lattice parameters) as well as its atomic content
and arrangement For the case of bioapatite crystals found in bones,
a space group PGz/m is generally attributed with a hexagonal unit
cell where two lattice parameters a- and c-axis respectively, need to
be determined. According to Beckett et al.(2011), the plot of a- vs ¢-
axis data points from human being occurs in a typical and distinct
area with respect to animals.

The determination of lattice parameters depends upon the
precision of locating the peak profiles in XRD diagrams (Masciocchi
and Artioli, 1996), but in bioapatite this is difficult to do. This is
because of large peak broadening resulting from the small crys-
tallite size of the phase combined with the high amount of lattice
strain (Danilchenko et al, 2002). To alleviate this problem, Beckett
etal.(2011) have suggested that lattice parameter determination be
performed on highly crystallized single phase materials following

Please cite this article in press as: Piga, G., et al., Is X-ray diffraction able to distinguish between animal and human bones?, Journal of
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thermal treatment of the bone. However this in furn creates
a potential problem in identifying the most appropriate heating
temperature for differentiating faunal from human bone.

Another potential issue with the approach in Beckett et al
(2011) stems from the fact that their analysis is limited to
a sample of just 8 human specimens vs 65 non-human samples
from 12 different species. This may be due to the difficulties in
acquiring modern bone for such research, but nevertheless the
large availability of human bones from the archaeological context
offers considerable scope for the continued investigation of this
area (Piga et al., 2007). Thus we have critically investigated the
diffraction patterns of a wide variety of bones originating from
various contexts routinely met in the course of our archaeological
and anthropological investigations (Piga et al., 20104, 2010b).

Unfortunately the factors regulating the chemistry of bones are
still not completely known. Apatites have the general formula,
Cas(PO4)zX or Caw(P04)gXz where X is typically F (flucrapatite ), OH
(hydroxylapatite), or C (chlorapatite) in case of natural minerals
(Elliott et al, 2002). Typically the mineral of bone and teeth is an
impure form of OHA where the major variations in composition
focus on a variable Ca/P mol ratio (1.6—1.7, OHAp is 1.66), and a few
percent CO3~ and water. In fact, the apatite lattice is very rolerant to
substitutions, vacancies and solid solutions; for example, X in the
general chemical formula above can be replaced by %C0O%™ or
10%~; Ca®™ by Sr**, Ba’t, Pb**, Na™ or vacancies; and PO~ by
HPOF~, As0i, vOi~, Siof~ or CO%. It is the degree of such
substitutions that can affect the average lattice parameter values
and introduce some woids or strain (Aellach et al., 2010), and
these may also be responsible for the unigue mechanical properties
of bone. Other factors affecting the lattice parameter are the pres-
ence of organic materials of biogenic origin, and extra phases
(Elliot, 1994).

Wopenka and Pasteris (2005) have recently discussed the over-
simplifications involved when using the hydroxylapatite inorganic
phase as a model of bones, especially in view of the types of ionic
substitutions that can occur in the apatite lattice which may then
change the mineral characteristics of the bone material Instead,
Wopenka and Pasteris (2005) locate natural bioapatite inside
a hyper-phase diagram with end-members of apatite minerals such
as hydroxylapatite, fluorapatite, A-type carbonated apatite, B-type
carbonated fluorapatite ( formerly known as francolite), and B-type
carbonated hydroxylapatite { formerly known as dahllite).

Of course, post-mortem taphonomic and diagenetic changes are
expected to add further complexity to the structure and micro-
structure of bones, not only due to new ionic substitutions but also
in terms of new biogenic or authigenic phases that form during the
conservation, storage and degradation processes of bone
(Shinomiya et al, 1998; Piga et al, 2009a, 2011).

The paper by Beckett et al. (2011) has employed a simplified
approach for lattice parameter determination starting from the
peak positions which are calculated by the automatic location of
the maxima of diffraction patterns (which may not be completely
satisfactory). In our work care has been exercised in order to
measure the lattice parameters of the bicapatite phase with the
best practices ensuring precision and accuracy. The Rietveld
method (Rietveld, 1967; Young, 1993) appears to be the most
orthodox approach for this purpose (Peterson, 2005) and indeed is
now standard practice in materials science (although its use has
appeared only sporadically in the archaeological and forensic
fields). Another important point concerns the most suitable space
group for describing the bicapatite structure when using powder
XRD. While the most popular space group to represent the struc-
ture of bioapatite is P63/m, a more suitable alternative appears to be
a monoclinic description using the P2;/b space group. This is due to
the fact that OH— is non-spherical and therefore reduces possible

crystalline symmetry (Elliott et al, 1973; Wopenka and Pasteris,
2005). Moreover, we must also bear in mind that it was recently
reported that a menoclinic-to-hexagonal order/disorder trans-
formation occurs at 220 °C for synthetic apatite (Yashima et al,
201).

In this work, first we address the problem of whether the
monoclinic P2;/b vs hexagonal PGs/m space group can make
a substantial difference in terms of lattice parameter values for the
bicapatite of bones. We then evaluate the most evident structural
changes involved after high-temperature treatment. Finally we
discuss the lattice parameter values of heat-treated animal and
human bone samples from various Spanish and [Italian
necropolises.

2. Experimental methodology
2.1. Examined spedmens

The forty-two animal bone specimens were kindly made avail-
able from: the Institut Catala de Paleontologia ( Sabadell-Barcelona,
Spain), the School of Science & Engineering, Teesside University
(UK), and the Department of Animal Biology, University of Sassari
(Italy). Our collection consists of 25 species, distributed as it
follows: mammoth (3), monkey (3), camel (1), deer (2), rhino (1),
horse (2), ox (1), pig (1), ruminant (2), sheep (1), goat (2}, rodent
(1), lagomorph (2), cat (1), lion (1), dog (1), fox (1), crocodile (1),
turtle (2), bird {6), whale (1), dolphin (3), tuna (1), swordfish (1),
shark (1). The specimens date from the present time back to
900,000 years ago.

Further, the fifty-three human bones were kindly made avail-
able from: the Universitat Autonoma de Barcelona (Spain), and the
Department of History, University of Sassari (Italy). These bones
originate from: the Mecropolis of Aguilar de Montuenga (Soria,
Spain), the Necropolis of Son Real and S'lllot des Porros (Mallorca,
Spain) (Piga et al, 2010b), the Necropolis of Sebés (Tarragona,
Spain) (Belarte and Noguera, 2008), the Necropolis of Mas d'en
Boixos (Pacs del Penedés, Alt Penedés, Spain) and the Necropolis of
Monte Sirai (Carbonia, Italy) (Guirguis, 2010). Synthetic powder
hydroxylapatite was synthesized by Aldrich Chemistoy™®,

2.2, Thermal treatment

In the present study we have selected historical human bones
burned at temperatures above 1000 °C, This is based on our
previous laboratory calibrations (Piga et al, 2008, 2009b). The
animal bones were subjected to a heat treatment at 1100 °C for
36 min in a furnace, in order to sharpen the peak profiles to be used
for determination of the lattice parameters.

2.3. Diffraction data collection and analysis

Exactly 0.5 g of each bone was ground in an agate jar for 1-min
using a SPEX mixer-mill model 8000. Our sample holder for XRD
analysis has a circular cavity of 25 mm in diameter and 3 mm in
depth, and can hold 420 mg of pressed powder bone.

The Bruker D8 instrument was employed in the Bragg-Brentano
geometry using fixed wavelength CuKz radiation and a graphite
monochromator in the diffracted beam. The patterns were
collected with a scintillation detector in the 20 angular range from 9
to 140°, with a step-size of 0.05°; the counts at each data point
being accumulated for 40 s in order to ensure accurate statistics for
the intensity data and to reduce the uncertainty associated with the
determination of lattice parameters, The X-ray generator worked at
a power of 40 kV and 40 mA and the resolution of the instruments
(0.5 divergent and 0.1 mm antiscatter slits) was determined using
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%-5i0> and «-Al0s standards which were free from the effect of
reduced crystallite size and lattice defects (Enzo et al, 1988).

The precision and accuracy of lattice parameters depends
largely upon the number of peaks assessed and the relative location
in the 26 scale with respect to the whole angular range investigated
(Masciocchi and Artioli, 1996; Peterson, 2005). Note that the use of
position sensitive detectors for faster data collection may speed-up
the data collection, the configuration used here (with a mono-
chromator in the diffracted beam) has the advantage of controlling
the background due to spedfic fluorescence effects. This will
increase the time taken for data collection, and we are aware that
the laboratory high-resolution conditions may be overtaken by
accessing synchrotron radiation facilities for powder XRD.

The Rietveld method (Rietveld, 1967; Young, 1993) is based on
an iterative best-fit strategy of experimental data. We have made
use of the MAUD programme (for: Material Analysis Using Diffrac-
tion) which simulates the pattern by incorporating the instrument
function and convolving the aystallographic model based on the
knowledge of chemical composition and space group with selected
texture and microstructure models (Lutteroti and Bortolotti,
2003). The programme permits a selection of variables for the
least squares minimization such as lattice parameters of the unit
cell, atomic positions, temperature factors, occupancy of the sites,
anfisotropic size and strain broadening. In all patterns we have
verified whether the monoclinic P2; /b rather than hexagonal P63/
m choice of the space group may have direct consequences for the
analyzed values of the lattice parameters. The success of the
procedure is generally evaluated throughout a combination of
integrated agreement factors (Ryp is the most considered) and
distribution of residuals (Young, 1993).

24. XFF analysis

XRF measurements have been carried out using portable
equipment composed of an X-ray tube (molybdenum anode,
Oxford Instruments ) working at 25 kV and 0.1 mA. For the analysis
we pressed ~ 200 mg of powdered bone tissue toform a pellet with
a diameter of 10 mm and a thickness of 1 mm. An aluminum
collimator 1 cm long and with an internal hole of 1 mm in diameter
permits irradiation of an area of the object of about 0.2 cm? to be
analyzed, at a distance tube window-sample of about 2 cm. A Si-PIN
detector from AMPTEK was employed with a thickness of about
300 pm and characterized by an energy resolution of about 200 eV
at 5.9 keV. 30 min was dedicated for each sample pattern without
use of any standard.

25. Statistical analysis

All statistical analysis was performed using Stata software 9.0. In
order to investigate the relationship between c-axis and g-axis
values of the monoclinic (pseudo hexagonal) phase we have used
the regression analysis by assuming the g-axis as the independent
variable. Moreover, the Grubbs test was applied with 95% confi-
dence to detect outliers (Grubbs, 1950).

3. Results and discussion

The diffraction patterns of the bones, prior to any thermal
treatment conformed to the general appearance of a succession of
peaks, attributable to the apatite lattice. Almost all specimens
examined here showed a single-phase character, making the XRD
structure analysis relatively simple. The widely broadened succes-
sion of profiles (see Fig. 1) is generally interpreted in terms of
fineness of the apatite average crystallite size and short range
disorderin the lattice. In fact the scatter due to collagen and organic

components — if present — is negligible and would not affect our
data interpretation.

In unburned biocapatites, the XRD line broadening of the (001)
peak narrower than the other profile indices (whether in hexagonal
or monoclinic description) may be taken as an indication of the
anisotropic shape of the crystallites. This behavior is accounted for
by the MAUD program with the Popa model (Popa, 1998). In general
the model fit results suggest very small average crystallite size
whose shape is elongated along the c-axis, as it is displayed in the
Fig 1B.

The longer “characteristic size” varies from 80 to 160 A in
unburned bones, which is in agreement with direct observation
by Transmission Electron Microscopy and previous XRD work
conducted on human fetal bones (Meneghini et al, 2003). Of
course various definitions of the average size length can be
envisaged when working with particles with irregular shape
(Matyi et al.,, 1987). Note that the behavior of the bioapatite in
terms of smallness of crystallite size and strain is different from
synthetic hydroxylapatite, where such small characteristic
dimensions cannot be achieved. For example, in Fig. 1C we see
that the synthetic OHAp, which is supposed to be very pure
from the chemical point of view, displays a single-phase
condition with relatively sharp peaks in the as-prepared
material.

The lattice parameter values a- and c-axis respectively in the
two unburned specimens are reported in Table 1 and appear
significantly different even when using a monoclinic space group.
This may be related to the diffuse profiles of the pattern. Some
shape anisotropy seems to be confirmed by the Popa model as
reported in the Fig. 1D (Popa, 1998).

3.1. Transformation behavior of natural and synthetic apatites
thermally treated up to 1100 °C

On sintering the bicapatite with thermal treatment, the degree
of anisotropic broadening is partially removed from the patterns
due to the coarsening mechanism attributable to the temperature
treatment This must be of the coalescence type (Grangvist and
Buhrman, 1977 ). The diffraction data of ox burned bone (Fig 24)
show narrow peaks and the quality of the fit appears “satisfactory”
on the basis of the percentages from the agreement factors (see the
Fup values reported in the Table 1). Some anisotropy is still present
since the average crystallite size depicted by the anisotropic model
has a “potato™-like shape (as shown in the Fig. 2B). Of course we
should keep in mind that for this and many other heat-treated
specimens, the average size length is ca 1600 A, ie, around
values dose to the instrument resolution limit, above which no
larger average aystallites can be assessed by the applied instru-
mentation {Piga et al., 2008, 2009b).

In a comparison of the monoclinic vs hexagonal geometry we
see in Table 1 that the agreement numerical factors for the
monoclinic phase are performing slightly better than the hexagonal
description in fitting the same experimental data. This further
suggests the opportunity for using the monodinic structure to
describe the bioapatite structure, even for high-temperature
specimens. The monoclinic space group appears to produce an
average crystallite size value slightly larger than when using the
hexagonal description for the unburned bones.

It should be recognized that the monoclinic space group deals
not only with four lattice parameters adjustable for the best fit but
also with a total of 67 parameters due to the atomic coordinates of 5
Calcium, 3 Phosphormous, 12 Oxygen and one OH™. This is definitely
larger than for the hexagonal phase where the procedure adjusts
only two lattice parameters and 12 atomic coordinates (Posner
et al, 1958). Moreover, even the modeling of microstructure
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Fig. L. A) Experimental pattern (data points) and Rietveld fit (full line) of a typical bioapatite from unburned dog bone. The agreement between ecperiment and model appears
satisfactory as it can be conduded from the inspection of residuals (see band at the bottom) and after evaluation of the agreement factor Ryy. Nevertheless the procedure has
uravoidably an uncertainty associated to the predse location of the peak profiles due to their large broadening. This aifects the reliability of the lattice paameter values. B) The
figure depicts the average shape of apatite crystallites elongated along the c-axis, which is reconstructed from the difference among hkl peak broadening. C) Experime ntal pattern
(data points) and Rietveld fit(full line) of an apatite synthesized in the laboratory according o the équation: 5Ca(0H | + 3Hz POy > Cag{ POg0H + BH; O The full ¥XRD pattern
appears sharper than in the previous cse testifying the difficulties in sdence to mimic a physiological reaction even though the average anisotropic shape (10} is similar (not the
SiEe)

parameters according to Popa (1998) involves a larger number of
anisotropic terms in the monoclinic vs hexagonal description.
Accounting properly for these detailed parameters may constitute
a serious limitation of the mon ic description in view of the
appeal of modeling the whole range of physico-chemical infor-
mation of the bone with a simpler structure.

Table 1

One further interpretation related to the chemical composition
of bone may be revealed in the single-phase character of the
examined samples. We are used to thinking of the inorganic
“apatite” component as a single phase after the water and organics
are removed, but this may not always be the case once the bone is
subjected to a high-temperature treatment, In fact we have verified

Comparison of lattice parameter, average aystallite size and agreement factor values for the couple of unburned and heat-treated speamens of dog bone and synthe bic apatite,

respectively.

Specimen Hexagonal PBsfm cell

Monoclinic F2, /b cell

a-axis/A c-axisfA <D A (£108) Rwp/% a-axis/A b-axis/A c-axis/A -anisf <D=JA (£ 108) Rwp/%
Synthetic apatite 5.448 G.EED 286 959 9457 18.906 G.BE4 120.08 320 16
(£0003)  (+0.001) (£0003)  (+0.005) +0,05)
Heat treated synthetic 9.487 68830 1070 74 5422 18.846 6.882 11993 1070 6.7
apatite/whitlodite £0.001) (=0.0004) {£0u001) {+0.002) {+0.0004) (+005)
10438 37438 1630 10438 37434 1650
+0.002) +0.005) (+0.002) (+0.005)
Unburned Dog bone 9443 6905 110 580 9432 18.8B65 69047 11990 120 42
(£0.005)  (+0.002) (+0005)  (=001) (+00005)  (£0.05)
Burned Dog bone 9423 68840 1430 132 9421 18.849 68841 120000 1640 112
L0001}  (£00005) (£0001)  (£0002) (00005} (£005)
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Fig.2. A) Pattern of a bumed ox bone and B) its Rietveld fit using a monoclinic space gmoup for apatite. The approximate, average aystallite shape from Popa model is also reported

on account of the observed ansotmopic line broadening.

that for biological carbonate apatites treated above 830 °C the
removal of carbonate groups results in the formation of Ca0O after
cooling down to room temperature (RT). When the synthetic
powder is subjected to a thermal treatment at 1100 °C for 36 min,
not only we notice peak sharpening (useful to determine accurately
lattice parameters) but find also a multi-phase condition for the
resultant product (see Fig. 3A). This is due to a well-known trans-
formation of a part of OHAp to whitlockite, i.e, to the f-three-
calcium-phosphate phase with chemical formula Ca3{P0y);
according to the reaction equation:

Ca (PO4)g (OH )2 (HT — 1100 *C) — 3 p — Cas (PO4)z + Ca0 + Hz0

Conversely, the bone specimens that have been treated ther-
mally at 1100 °C (in order to make the determination of the lattice
parameter values clearer), did not display the important
phenomena of phase separation and precipitation apart from two
specimens of cormorant (15% and 9% wt of whitlodkite, respec-
tively) and a pig bone (see Fig. 3C, bottom pattern). For the pig bone
we notice that the unburned bioapatite is less “crystalline” than the
synthetic apatite but also that the amount of p-Cas{POs); is defi-
nitely lower (23% wt) than in the previous case. In both cases even
the average shape of whitlockite was revealed to be isotropic
(Fig. 3B and D). Thus we can infer that the mechanical and ther-
modynamic properties of bone are influenced by the type and
nature of atomic substitutions occurring in the apatite lattice, Note
that we report the lattice parameters for the apatite phase that have
been worked out for human and animal specimens using both the
monoclinic P2;/b and hexagonal PBs/m unit cells in the
Supplementary Tables.

The merit of using the monoclinic cell for describing the apatite
structure is that the agreement factors of Ry are systematically
lower with respect to the hexagonal description. In general both
hexagonal and monoclinic descriptions carried out on the same
specimen give reasonably similar lattice parameters values but
a higher variability of the results is encountered with the mono-
clinic case for the untreated specimens. Because the B angle
parameter of the monoclinic structure remains close to 120°, the
main variability is associated with the b lattice parameter (which
may deviate significantly from twice the a parameter). Whether
parameter b carries a precise physical meaning or not is difficult to
establish in the presence of such very broad peaks. In fact, the
standard deviation estimated from the untreated natural bones are
relatively large and may be the effect of the large peak broadening,

invariably related to a strong parameter correlation due to the
mathematical difficulties in fitting the experimental data. In any
case the g-axis and c-axis lattice parameters of the heat treated
bones turn out to be the same (within the experimental uncer-
tainty) in both the hexagonal and monoclinic representation.

It may be safe to conclude that, although the monoclinic
description of bicapatites found by Elliott et al. (1973) appear to be
more suitable for the problem in hand, using the hexagonal
approach does not involve significant departures when accounting
for the biological lattice of bones.

With these assumptions in mind, plotting animal and human
bones lattice parameters in a g-axis vs c-axis plot as done in Fig. 4
permits verification or rejection of the differences between human
bones with respect to non-humans. The ellipses drawn are showing
the 95% degree of confidence for each group. The size of the ellipse
is strongly influenced by the size of the dataset: the larger the
number of data, the tighter the ellipse, even though the spread of
data may be large.

From Fig. 4 we can clearly see just one outlier for humans while
for non-human the outliers are distributed at shorter and larger
values along the c-axis. This behavior suggests the presence of at
least one more variable affecting the non-humans data. Neverthe-
less, in Fig. 4 we can see that the distribution of data points for non-
human bone overlays the scatter for human bones, contrary to the
previous findings (Beckett et al, 2011), therefore suggesting we
reject the possibility of using XRD to distinguish human vs animal
bones.

The transverse behavior for the ellipse of non-humans can be
explained by a physical effect presumably occurring post-mortem
for some specimens. In particular, the specimens that show shorter
a-axis values were likely subjected to flucrination reaction, as they
refer to paleontological bones (Piga et al., 2009a, 2011).

For the specimens with unusually large a-axis lattice parame-
ters, which are exclusively modern bones, we can conjecture that
the processing of cleaning the bones involving boiling in salted
water has led to partial chlorination with consequent cell expan-
sion mainly in the o- {and b-) direction. This is confirmed by
examining the published lattice parameter values of Chlorapatite
(Mackie et al., 1972). Indeed recent work has already demonstrated
the effect of chlorine ions on bone when heated in salt water
(Trujillo-Mederos et al., 2011) even if no correlation has been
established with the lattice parameter values, Note also that the
process of boiling the bones in salted water is not a cleaning
practice common to archeology and forensics field. Increase of the
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Fig. 3. A) The top of the fgure depicts the XRD pattern and its Rietveld fit for the synthetic apatite thermally treated at 1100 °C, which tums out to be a mixture of 70 wig of

whitlockite and only 30%

[ monoclinic apatite, B) The broadening analysis revealed an isotropic average crystallite size of the apatite component of ca 1000 A. C) For comparison

the bottom pattern refers to the results from the pig bone burned at 1100 °C, one of the rare biological specimens showing a partial transformation to whitlockite. The amount of
bioapatite isca 77 wt® Le., only 23 wi® belongs to whitlockite on acoount of a better stability of the biological vs synthetic phase synthesized at RT. D) Note again an isotropic shape
of for the average ary stallite size of ca 1700 A for the bivapatite, close to the resolution limit of the instrument. In both cases even the average shape of whitlockite was revealed to be

Isolropic

a- and c-axis parameter as a function of chlorine concentration
were reported recently on synthetic hydroxy-chlorapatites solid
solutions by Kannan et al. (2006 ).

As a matter of fact, the XRF spectra of these specimens in Fig. 5
indeed show the presence of Chlorine, which is readily exchanged
in the bone matrix due to the unit cell dimensions of apatite, Of
course other anions and cations may be responsible for an observed

lattice parameter increase. Moreover, in particular cases the effect
of expansion to the cell brought about by the chlorine anions may
be compensated by the presence of other small ions. It can be
argued that “routine” protocols adopted for cleaning prior to das-
sification of bones may need some further calibration in view of
their consequences on bicapatite chemistry and lattice parameter
values,
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Fig. 5. The ¥RF spectra of three outlyiers (bird, bird beak and fox bone) compared to
the spectrum of human and horse bones that did not show significant departure of its
lattice parameters from the caloulated average. This suggests that the presence of
spedfic mpurites in the bone lattice & melatable to the observed changes in lattice
parameters. [t is questionable to relate it just to the animal rather then human species.

4. Conclusions

The large availability of burned human bones from some ancient
Spanish and ltalian necropolises has been exploited in order to
assess whether the lattice parameters of bicapatite obtained by
XRD are helpful when trying to distinguish human bones from
those of animals.

The lattice parameters of bioapatite were measured using the
Rietveld method with a relatively high degree of precision on bones
subjected to a high-temperature treatment, The bones were heated
since this produces a readily observable sharpening of peaks
resulting from the growth of the crystallites. While the synthetic
apatite was partially transformed to whitlockite after 36 min at
1100 °C, the human bones were unaffected by this ransformation.
Moreover, this transformation partially occurred in just three of the
animal bones studied. It is also useful to note that the g-axisand c-
axis values of bioapatite are not biased by the use of a P2/
b monoclinic rather than P63/m hexagonal unit cell. The different
diet of the human spedes does not appear to affect the chemical
composition of bones to the point of inducing systematic differ-
ences in the apafite lattice parameters, because of faults, inclusion
of extra atoms andjor solid solution formations. However, the
apatite unit cell axis can be affected by ion exchange reactions
occurring post-mortem such fluorination during diagenesis or
chlorination during boiling the bones in salted water for cleaning.

On the basis of our experiments involving 42 animal and 53
human bones it is not possible to discriminate human from non-
human origin using lattice parameter values and any such claims
to be able to do so should be treated with caution.

Our results are perhaps not so surprising, since the biological
reactions that lead to the formation of apatite are conducted in
a physiological environment that is chemically the same whether
dealing with animals or humans.
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Chapter 4.6: A multi-technique approach by XRD, XRF, FT-IR to

characterize the diagenesis of dinosaur bones from Spain
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Piccinini, Assumpcio Malgosa, Emilio Napolitano, Stefano Enzo.

Palaeogeography, Palaeoclimatology, Palaeoecology 310, 92—-107.
(http://dx.doi.org/10.1016/j.palaeo.2011.05.018).

Diagenetic changes are induced in bones over palaeontologist times mainly by
complex mineralogical and physico-chemical processes.

The precise understanding of diagenetic and taphonomic processes to which
paleontological bones were subjected requires a multidisciplinary approach, taking into
account the potentialities and limitations of each analytical technique employed.
Particularly, we have used combined X-ray diffraction, X—ray fluorescence and FT-IR
analysis to investigate a collection of 60 Spanish dinosaur bone specimens being 150 to
65 Ma to characterize the fossilization in terms of chemical and mineralogical
composition, crystallite size, precipitation and infiltration, exchange reactions involving
atomic and molecular ion species.

From the crystal lattice parameters of the apatite phase determined by powder
XRD, it emerged that these fossil bones invariably underwent a post-mortem
transformation from bioapatite (hydroxylapatite) to authigenic francolite (fluorapatite)
structure.

Concerning the phases constituting the fossil bones, a high variability can be
pointed out among the various samples. The diffraction approach assessed in all
specimens the presence of fluorapatite at various levels of percentage as the mineral
phase constituting the dinosaur bones. Multiple secondary mineral phases, mainly
calcite and quartz but also goethite, dolomite and several other minor phases were
detected. They occurred as pore space infillings in most dinosaur bones only three out
of 60 bones were single phase (fluorapatite) specimens.

The apatite crystal size was variable (from 183 A to 2100 A) and varies
unpredictably in the analysed specimens, inhibiting a correlation with fossil age. In our

previous study (Piga et al., 2009b), we have, however, observed a positive correlation
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between average bone apatite crystal size and specimen age in another set of fossils
ranging in age from the Middle Triassic (around 245 Ma) to present.

Increasing significantly the sampling of a relatively restricted time range (150 to
65 Ma), no systematic trend of crystal size with age of the specimen or taphonomic
setting was found (see figure 11). From the present data it seems that the crystallization
induced by just the time is overlapped by other factors depending on the geological
Formation that may inhibit (e.g., 44NA3 sample) or enhance the process.

The infrared spectra of fossil bones show significant changes in the phosphate

and carbonate band intensity with respect to a non-fossil bone.
The XRF spectra collected in the energy range from 1.5 to 18 keV supplied analysis
profile spectra with the expected presence of Ca and P as major elements. In addition,
the presence of carbonate groups substituting for the phosphate group in the
hydroxylapatite-like structure was definitely assessed for the single-phase specimens by
FT-IR spectroscopy.

In all the fossils examined, varying levels of Fe were detected by XRF that may
be present in the goethite phase FeOOH. However, no presence of other Fe-bearing
phases such as pyrite, hematite or magnetite was observed. For the specimens that
displayed considerable amount of Fe but absence of any Fe-bearing phase in the XRD
spectra, the analysis suggested that Fe divalent cations may have substituted for divalent
Ca cations in the francolite structure even at a considerable concentration level (up to 12
%) and without significant changes in the unit cell volume. Frequently the major
elements Ca and P were also accompanied by varying amounts of transitional elements

such as Ti, V, Mn, Cu, As, Rb, Y, Sr and Nb, to list the most frequently encountered.
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A combined investigation by X-ray fluorescence (XRF), Fourier Transform Infrared spectroscopy (FT-IR),
Raman spectroscopy and powder X-ray Diffraction (XRD), supplemented with the Rietveld analysis, was
conducted on sixty Spanish dinosaur bone specimens from Upper Jurassic/Lower Cretaceous to Upper
Cretacenus age to investigate taphonomy and diagenetic processes. The diffraction approach assessed in all
specimens the presence of fluorapatite at various levels of percentage as the mineral phase constituting the
fossil bone. In addition to fluorapatite, calcite and quartz were also found as main secondary phases in many
specimens, The infrared spectra of fossil bones show significant changes in the phosphate and carbonate band
intensity with respect to a non-fossil bone. Conversely, the X-ray fluorescence spectra turned out to be mainly
dominated by the presence of Ca, obviously accompanied by phosphomus. Simultaneously, other elements
accompanying Ca, such as Fe and Sr were found at significant concentration levels.
A considerable amount of Fe and Sr ions were incorporated in the structure of fluorapatite, bur when their
concentration was found elevated in the fluorescence spectrum, the diffraction data revealed the presence of
goethite (FeOOH) and celestite (SrS04) phases, While the X-ray diffraction phase analysis also revealed the
presence of kaolinite, dolomite, barite and gypsum, in some fluorescence spectra further elements like Y, As,
Pb, Ti, Mn, Cr, Cu, Zn were present in concentration at trace level. The introduction/substitution of new
elements with the infiltration of new phases due to diagenesis is also affecting to various extent the Raman
and FT-IR spectra with modification of some bands and/or the appearance of new bands. The average
crystallite size of the “apatitic” constituent phase was found tovary from a minimum of ca. 183 Ato an upper
level of 2107 A. No systematic relation between apatite crystallite size and age of the dinosaur bones was
found that suggests a high variability of diagenetic processes affecting the growth of bone crystallites even in
the same site,

© 2011 Elsevier BV. All rights reserved,

1. Introduction

Fricke et al, 2008; Dumont et al., 2011; Heuser et al, 2011;
Pfretzschner and Tiltken, 2011; Tiitken, 2011;). Changes involving

The study about chemical and mineralogical composition of fossil
animal and human bones may be a precious source of information
about the past. However, a large fraction of these studies have focused
on archaeological samples and biomaterials and only to a little extent
on dinosaur fossils (Zocco and Schwartz, 1994; Hubert et al., 1996;
Bocherens, 1997; Trueman et al., 2003a, 2003b; Titken et al., 2004;

* Corresponding author at: Unitat de Antropologia Biologica, Departament de
Biologia Animal, Biologia Vegetal | Emlogia, Universitat Autonoma de Barcelona, E-
08193 Bellaterra, Spain. Tel: +39 3407840935; fax: + 34 935811321,

E-muail addresss: kemiomara@yahooit (G. Piga), santoscubedo@®gmail.com
[A. Santos-Cubedo), brunetti@unissit (A Brunetti), plednini@® portocontericerche. it
(M. Piccinini), napolitano@unissit (E Napolitano ), enzo@untssit (5. Enzo ).

D031-0182/% - see front matter © 2011 Elevier BV, All rights reserved.
doi:10.1016/).palaeo 201 1.05.018

111

the structure and chemical composition of bones may occur in two
different perods, Le., first during the animal's life, and second during
the fossilization process. The time scale of these two stages may be
incommensurable and a distinction is made between biostratinomy
and fossildiagenesis, During the biostratinomic stage, micro-organ-
isms and other biotic processes can attack the organic and inorganic
content of bones, degrading mineral bone phases (eg. Trueman and
Martill, 2002; Jans etal, 2004). Inaddition, abiotic factors can degrade
the bones both before or after burial (e.g. Denys, 2002). If the bones
are not subjected to microbial or biotic erosion or the processes are
affected by drastic physical or chemical changes, fossilization may
occur soon after burial (Trueman and Martill, 2002; Pfretzschner,
2004: Farlow and Argast, 2006).
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Table 1
List of the Spanish dinosaur bones with clssifiation, geological period and provenance loation.
Sample code Classification Epoch and geologicl sage Formation and basin Location
Sermt del Corb Dinosauria (Hadrosauria) Upper Cretace ous Tremp kona
| Maastrichtan) Tremp Basin (Lleida)
Sermt-R2 Dinosauria (Hadrosauria) Upper Cretaceous Tremp kona
[ Maastrichtan) Tremp Basin {Lkeida)
Maoli del Bard Dinosauria Upper Cretace ous Tremp kona
(unclssified ) { Maastrichtan) Tremp Basin (Lleida)
La Penella Dinosauria Upper Crétace ous Tremp Peramola
(unclssified) [ Maastrichtian ) Tremp Basin (Lleida)
Lo Bas Dinosatiria Upper Cretace ous Tremp Abella de la Conca
(unchssified ) [ Maastrichtan) Tremp Basin [Lieida)
La Llau de Bas Dinosauria Upper Cretace ous Tremp Abella de la Conca
[unchssified ) [ Maastrichtan) Tremp Basin {Lheida)
Nerets Dinosatiria Upper Cretace ous Tremp Villemitjana
[unchssified ) [ Maastrichtan) Tremp Basin {Lleida)
Pous Dinosauria (Hadrosauria) Upper Cretace ous Tremp Basturs
| Maastrichtan) Tremp Basin [Lheida)
Basturs Poble Dinosauria (Hadrosauria) Upper Cretaceous Tremp Basturs
| Maastrichtan) Tremp Basin {Lheida)
Basturs Poble-07 Dinosauria (Hadrosauria) Upper Cretace ous Tremp Basturs
| Maastrichtian}) Tremp Basin [Lheida)
Boiga Dinosauria Upper Cretace ous Tremp Congues
(unchesified ) [ Maastrichtian) Tremp Basin (Lheida)
Peguera 1-Agols Dinosauria (Hadrosauria) Upper Cretace ous Tremp Rgaols
[ Maastrichtan) Figols-Valkcebre Basin (Barcelona )
Psm-Mila Dinosauria (unclassified ) Upper Jurassic/Lower Cretaceous Frm. Villar del Arzobispo; Puebla de San Miguel
Southwestern [berian Basin [Valencia)
Psm-Maite Dinosauria Upper Jurassic/Lower Cretaceous Fo Villar del Arzobispo; Puebla de San Miguel
(unclssified ) Southwestern Iberian Basin (Valencia)
Psm-Andres Dinosauria Upper Jurassic/Lower Cretaceous Fim, Willar del Arzobispo; Puebla de San Miguel
(unclssified) Southwestern [berian Basin (Valencia)
Psm-Carles Dinosatiria Upper Jurassic/Lower Cretaceous Frm. Villar del Arsobispo; Puebla de San Miguel
(unclssified ) Southwestern [berian Basin (Valencia)
CerroTadon Dinosauria Uppet Jurassic/Lower Cretaceous Frm. Villar del Arzobispo; Alpuente
(unclssified) Southwestern [berian Basin (Valencia)
HTCO4-3 Dinosatiria Upper Jurassic/Lower Cretaceous Frv Villar del Arzobispo; Alpuente
[unchssified ) Southwestern Iberian Basin [Valencia)
Rascaia Dinasauria Upper Jurassic/Lower Cretaceous Fru Villar del Arsobispo; Alpuente
(unclhssified) Southwestern [berian Basin [Valencia)
Yac-David Dinosauria Upper Jurassic/Lower Cretaosous Frou Villar del Arzobispo; Alpuente
(unclssified ) Southwestern [berian Basin [Valencia)
Corral de Marin Dinosauria Upper jurassic/Lower Cretaceous Frie Villar del Arzobispo; Alpuente
(unchssified ) Southwestern |berian Basin (Valencia)
229 Dinosauria Upper Jurassic/Lower Cretaceous Fro Villar del Arabispo; Alpuente
(unchesified ) Southwestern [berlan Basin (Valencia)
Losill Dinosauria (Eusauropoda) Upper jurassic/Lower Cretaceous Froe Villar del Arenbispo; Alpuente
Southwestern [berian Basin [Valencia)
Aras de Alpuente Dinosauria (Eusauropoda) Upper urassic/Lower Cretaceous Frm. Villar del Arzobispo; Alpuente
Southwestern [berian Basin [Valencia)
La Ventura Dinosauria (Eusauropoda) Upper Jurassic/Lower Cretaceous Fo Villar del Arzobispo; Alpuente
Southwestern Iberian Basin (Valencia)
El Collada Dinosatria Uppet Jurassic/Lower Cretaceots Fr, Villar del Arsobispo; La Cuevarruz
(unclssified) Southwestern [berian Basin (Valencia)
El Collado 1 Dinosauria Upper Jurassic/Lower Cretaceous Frow Willar del Arzobispo; La Cuevarruz
(unclssified ) Southwestern [berian Basin (Valencia)
Patiras Dinosauria Lower Cretaceous Arcillas de Morella Todoke lla
(unclssified) [ Aptian} Maestrat Basin (Castellon)
SAV-39 DMnosatiria (Eusauropoda) Lower Cretaceois Arcillas de Morella Marella
[ Aptian) Maestrat Basin (Castellon)
SAV-G7 Dinosauria (Eusauropoda) Lower Cretaceous Arcillas de Morell Morella
[ Aptan) Maestrat Basin [Castelldn)
Povet Dinosauria (Ornithopoda) Lower Cretaceous Arcillas de Morell Maorella
[ Aptian) Maestrat Basin (Castellon)
Camino Dinosauria Lower Cretaceous Arcillas de Morella Maorella
[unchssified ) | Aptan) Maestrat Basin [Castelldn)
EAP 38 Dinosauria Lower Cretaceous Arcillas de Morella Marella
(unclssified ) [ Aptian) Maestrat Basin [Castelldn)
EAP 40-39 Dinosauria Lower Cretaceous Arcillas de Morells Maorella
(unclssified ) [ Aptan) Maestrat Basin [Castellon)
EAP 43 Dinosauria Lower Cretaceous Arcillas de Morella Morella
{unclssified) [ Aptian) Maestrat Basin [Castellon)
Comptadors Al Dinosauria Lower Cretaceous Arcillas de Morella Gnctorres
[unclssified ) [ Aptan) Maestrat Basin [Castellon)
Todolkella 1 Dinosauria Lower Cretaceous Arcillas de Morell Todoke lla
(unclssified ) [ Aptan) Maestrat Basin [Castellon)
Torre Julian Dinosauria Lower Cretaceous Arcillas de Morella Todolklla
(unclssified ) { Aptian) Maestrat Basin (Castellon)
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Table 1 continued)

Sample code Qassification Epoch and geological stage Formation and basin Location
Al0 Dinosaiiria Lower Cretaceous Ardllas de Morella Cinctarnes
(Theropoda) [Aptian) Maestrat Basin (Castellin)
Al3 Dinosauria Lower Cretaceous Arallas de Morella Cinctorres
[undassified) [Aptian) Maestrat Basin [ Castellén)
2ANA12 Dinosauria Lower Cretaceous Ardllas de Maorella Cinctorres
(Ornithopoda) [Aptian) Maestrat Basin [ Castellan)
2ANABT Mnosaiitia ( Ornithopoda) Lower Cretaceous Ardllas de Morella Cinctorres
[Aptian) Maestrat Basin [ Castellén)
2ANATT Dinosauria [ Ornithopoda) Lower Cretaceous Ardllas de Morella Cinctarres
[Aptian) Maestrat Basin [ Castellén)
JANASE Dinosauria [ Ornithopoda) Lower Cretaceous Ardllas de Morella Cinctorres
[Aptian) Maestrat Basin [ Castelldn)
4ANAZ Dinosauria [ undassified ) Lower Cretaceous Arcillas de Morella Cinctorres
[Aptian) Maestrat Basin [ Castellan)
4ANATS Dinosauria [ undassified ) Lower Cretaceous Ardllas de Morella Cinctorres
[Aptian) Maestrat Basin [ Castellén)
Escipula-ANA Dinosauria Lower Cretaceous Ardllas de Morella Cinctorres
[Ornithopoda) [Aptian) Maestrat Basin [ Castellan)
Mas Roig Dinosauria Lower Cretaceous Ardllas de Morella Cinctorres
(undassified) [Aptian) Maestrat Basin ( Castellan)
Mas de Rafael-2 [Mnosaiiria Lower Cretaceous Ardllas de Morella Todalella
(undassified) [Aptian) Maestrat Basin [ Castellén)
El Maset Dinosauria Lower Cretaceous Cantaperdius Cinctarres
[undassified) [Barremian) Maestrat Basin [ Castellén)
Manzanera Dinosauria Lower Cretaceous Cantaperdius La Mata
[undassified) (Barremian) Maestrat Basin [ Castellan)
L Dinosauria [ Ornithopoda) Lower Cretaceous Cantaperdius Partell
(Barremian} Maestrat Basin [ Castellén)
L4z Dinosauria [ Ornithopoda) Lower Cretaceous Cantaperdius Partell
(Barremian) Maestrat Basin [ Castellén)
CL56 Dinosauria { Ornithopoda) Lower Cretaceous Cantaperdius Partell
[Barremian) Maestrat Basin [ Castellan)
La Giba Dinosaiiria Lower Cretaceous Cantaperdius Partell
(undassified) (Barremian) Maestrat Basin [ Castelldn)
La Fita Dinosauria [ Ornithopoda) Lower Cretaceous Cantaperdius Cinctorres
{Barremian) Maestrat Basin [ Castellan)
La Fita balsa Dinosauria [ Ornithopoda) Lower Cretaceous Cantaperdius Cinctorres
(Barremmian) Maestrat Basin [ Castellan)
Quralles 11 Dinosauria [ Ornithopoda) Lower Cretaceous Cantaperdius Partell
(Barremian) Maestrat Basin [ Castellan)
Quralles M Dinosauria [ Ornithopoda) Lower Cretacenus Cantaperdius Partell
(Barremian} Maestrat Basin [ Castellén)
MC1-5 Dinosauria { Ornithopoda) Lower Cretaceous Cantaperdius Portell
(Barremian) Maestrat Basin [ Castellén)

Some processes may occur to preserve rather than degrading
fossils, particularly the incorporation of new ions into the crystal
structure and/or recrystallisation of skeletal apatite, (Elorza et al,
1999; Hedges, 2002; Trueman and Tuross, 2002; Wings, 2004; Farlow
and Argast, 2006). These processes are mainly controlled by abiofic,
physical and chemical environmental soil conditions, particularly
groundwater chemistry around the buried bone material (Trueman
et al., 2004; Wings, 2004; Tiitken et al., 2008 ). The bicapatite of animal
and human bones turns out to be very similar at an atomic level and
the structure is generally approximated using the stoichiometnc
mineral hydroxylapatite Cas(PO,);0H.

Wopenka and Pasteris (2005) have recently discussed the
limitations of such an inorganic phase as a model of bones espedally
in view of several types of ionic substitutions in the apatite lattice that
may change the mineral characteristics. Of course, post-mortem
taphonomic and diagenetic changes are expected to add further
complexity to the structure and microstructure of fossil bones, not
only due to new ionic substitutions but also in terms of new biogenic
or authigenic phases that form in the fossilizing bone. Wopenka and
Pasteris (2005) locate the natural bioapatite inside an hyper-phase
diagram with end-members of apatite minerals such as hydroxylap-
atite, fluorapatite, A-type carbonated apatite, B-type carbonated
fluorapatite (old mineral name francolite), B-type carbonated hy-
droxylapatite (old mineral name dahllite). A good knowledge of the
chemical and mineralogical composition of fossil bones as the result of
a whole host of physical, chemical and biological processes can be
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obtained directly from fluorescence and powder diffraction of X-rays
(Bradley et al., 2007). For the study of molecular features in bones, the
above techniques have been recently supplemented by Infrared and
Raman spectroscopy (e.g. Pucéat et al, 2004; Thomas et al,, this issue).
It should be considered that the fluorescence technique gives direct
information on the elemental composition that can be usefully
compared with the quantitative phase evaluation from X-ray
diffraction and with information about the molecular groups as
derived from Raman and Infrared spectroscopy. The recent numerical
development of powder X-ray Diffraction technique according to the
Rietveld method has supplied a new approach to reveal the structure
details of natural apatites, as we have recently verified in archaeo-
logical and geological contexts (Piga et al, 2009),

Chipera and Bish (1991), Zocco and Schwartz (1994), Dumont
et al (2011) have analysed the effect of crystallite size and strain in
the apatite lattice, which is a way to evaluate the crystallinity index I
(Bamsiokas and Middleton, 1992; Person et al, 1995),

Conversely, Elorza et al. (1999) measured the apatite crystallinity
from the width of the (002) peak of dinosaur bones and found it to be
significantly higher than for modern bone. They also reported ¥-ray
diffraction (XRD) patterns of bones according to which the replacement
of bioge nic hydroxylapatite by francolite is related to diagenetic changes.

A multiple-technique approach combining XRD, XRF, FT-IR and
Raman analysis proved to be useful to better characterize the
mineralogical and chemical composition of fossil bones. This
information enables a better understanding of bone fossilization
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processes but knowledge of the phase composition is also important
in order to choose the appropriate treatment and chemical products
for optimal conservation and preservation of the fossils (Sufier et al.,
2007 ).

2. Materials and methods
2.1. Bone samples

Table 1 reports the list of sixty dinosaur bone specimens examined
in this work, their geological period and formation, taxa and
provenance locations.

All the fossil bone samples are Upper Jurassic/Lower Crefaceous to
Upper Cretaceous (~150 to 65Ma) in age and belong to large
dinosaurs of different taxa (Table 1) from three regional deposits,
described in the following:

1) The Upper Jurassic and Lower Cretaceous deposits of the
southwestern Iberian Basin at Alpuente are formed by deltaic
siliciclastic sediments deposited in fluvial, estuarine, beach and
shallow-marine environments, controlled by eustatic sea level
changes. These sediments belong to “Villar del Arzobispo” Forma-
tion, consisting of limestone, sandstone and clay minerals,
“Huérguina” Formation (limestones) and “Collado™ Formation
(sandstones and clays ), respectively.

The Cretaceous deposits are well distributed from middle to east of
the Iberian Peninsula. The “Cantaperdius” Formation (composed by
fluvial and lacustrine sediments) and the “Morella” Formation
(Lower Cretaceous, clay stones, formed by deltaic sediments
deposited in fluvial, estuarine, beach and shallow-marine envi-
ronments) crop out in the Maestrat Basin, that is located in the
eastern part of the Iberdan rift system (Iberian Chain) with
Mesozoic sediments up to 5.8 km thickness (Salas et al, 1995,
2001). This important geological structure formed during the
Mesozoic rift stage (Cajaet al, 2005).

The Upper Cretaceous deposits of the northwestern Iberian
Peninsula at Tremp Basin are formed by terrestrial sediments
with up to 1000 m in thickness. The Tremp Formation has an
Upper Campanian to Lower Eocene age and is formed by grey clays
with lignite at the base and predominantly red clays with
sandstones and fluvial conglomerates or non-marine limestone
intercalations (Riera et al., 2009).

2

3

The vertebrate material was mechanically separated from the
sedimentwithanengraver drill. Subsequently the bones werewashed
with distilled water, For all specimens, the bone was sampled in the
innermost part of the bone cortex (compacta) of the cortical tissue.

All the sixty fossil dinosaur bone samples were kindly made
available from: Coleccion Museogrifica de Cinctorres (Castelldn),
Museu de la Conca Della (Lleida), Universidad de Valencia and Institut
Catala de Paleontologia, Sabadell (Barcelona).

For comparnison to the fossil dinosaur bone samples a modem animal
bone as well as synthetic hydroxylapatite was also analyzed using the
same technigues. Arecent rhesus monkey bone was used for this purpose
but any other recent animal or human bone would have been suitable as
the phase composition of bone is similar and not taxon-spedfic

The modern bone of a rhesus monkey was made available by Teesside
University (Middlesbrough, UK); synthetic powder hydroxylapatite
was synthesized by Aldrich chemistry®,

3. Methods
3.1. XRD analysis

0.5 g of each dinosaur bone was ball milled in a agate jar for one-
minute using a SPEX mixer-mill model B000. Our sample holder for
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XRD analysis is a circular cavity of 25 mm in diameter and 3 mm in
depth. It contains about 420 mg of powder bone.

The XRD patterns were recorded overnight using Bruker DB,
Philips PW-1050 and Siemens D-500 diffractometers in the Bragg-
Brentano geometry with CuKo radiation (A =1.54178 A). The X-ray
generatorworked ata power of 40 KV and 30 mA and the resolution of
the instruments (divergent and antiscatter slits of 0.5") was
determined using -Si0; and o-Al 04 standards free from the effect
of reduced crystallite size and lattice defects (Enzo et al,, 1988).

The goniometer was equipped with a graphite monochromator in
the diffracted beam and the pattems were collected with 0.05° of step
size which turned out to be adequate for the range of crystallite size in
apatite phases here investigated. The powder patterns were collected in
the angular range 10°-140" in 26, with counting time of 40 s per paint
This strategy is suitable also for other phases such as quartz, which has
crystallites normally extended in size more than one thousand A, ie.,
above the upper resolution limit of the instrument. Digitized diagrams
were analyzed according to the Rietveld method (Rietveld, 1967), using
the programme MAUD (Lutterotii et al, 1998). This is an efficient
approach that evaluates quantitatively the structure-microstructure
parameters and amount of mineralogical phases, taking also into
account the instrumental parameters. For inorganic phase mixtures of
medium complexity ( 34 phases ) the detection limit of the techniqueis
thought to be 1-2 wtX, One important advantage of the Rietveld
method is that no standard is required for quantitative evaluation of
phases, thus minimizing the work on sample preparation. Moreover,
one merit of the MAUD program is that the numerical evaluation of the
whole pattern is accomplished using all recognized phases with a
parametric peak shape function convoluting the instrument function
with simultaneous broadening due to size and strain effects.

While XRF supplies the element composition of osseous materials,
the powder diffraction technigue inspects the phase composition. In
addition to this, the line broadening analysis of XRD patterns may be
applied for a simple evaluation of crystallinity in hydroxylapatite
(HA), which is the main biomineral phase of bones, Note that the term
crystallinity is instinctively intended as degree of organization of the
bone HA phase on an atomic scale,

Rather than referring to the crystallinity of HA a valid and more
correctapproachis to evaluate the X-ray peak sharpeningof HA bones in
terms of the average size of coherently diffracting domains (otherwise
referred to as crystallites) and/or average imperfection density, also
called lattice disorder or microstrain (Hubert et al, 1996; Michel et al.,
1996). These parameters supply a means to define numerically the
organization of bones in an atomic scale, In any case, the quantitative
evaluation of phases, theirlattice parameters and their average coherent
diffraction domain size may be obtained by applying the Rietveld
method as it was suggested by Michel et al. ( 1996).

32. XRF analysis

XRF measurements have been carried out by using a ponable
equipment composed of an X-ray tube ( molybdenum anode, Oxford
Instruments ) working at 25 kV and 0.1 mA. We have pressed about
200 mg of powdered bone tissue to form a pellet with diameter of
10 mm and 1 mm thick.

An aluminium collimator 1 cm long and with an internal hole of
1 mm in diameter permits to irradiate an area of about 0.2 cm? of the
object to be analysed, at a distance tube window-sample of about
2 cm. A 5i-FIN detector from AMPTEK was employed with a thickness
of about 300 um and characterized by an energy resolution of about
200 eV at 5.9 keV.

33. FT-IR analysis

FT-IR spectra were collected with a Bruker Vertex 70 V spectrometer
in terms of absorbance vs. wavenumber v in the range 400-4500cm ™",
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About 3 mg bone was hand-grinded and mixed with KBr in the weight
ratio 1:100 respectively, to make pellets suitable for beam imadiation,

It should be considered that bands of the infrared spectrum of
recent and fossil bones are relevant to obtain molecular information
concerning the phosphate/carbonate group ratio. Additional bands
may also be evaluable due to minerals other than those related to the
apatite-like structure.

34. Raman analysis

The Raman spectra were collected with by a Bruker Senterra
confocal Raman microscope working with a laser excitation wave-
length of 785 nm at 100 mW of power and abeam diameter of 1.2 um.
In the confocal mode the 20x objective was selected, an array of
60 x 78 points was defined tocover a sample area of 90 x 117 um with
a step of 1.5um and each spectrum of the map was obtained by
averaging 5 acquisitions of 2 s

4. Results

In order to describe appropriately the experimental work
performed it seems suitable to apply a cross comparison of the
techniques employed to evaluate in selected cases how they can help
our understanding of processes involved in the fossilization of the
dinosaur bones.

4.1. Multi technigues comparison of single phase specimens

Fig 1, displays the XRD experimental patterns (data points) and
the Rietveld fit (full lines) of three fossil specimens compared with a
modern bone and with the hydroxylapatite mineral synthesized
chemically in the laboratory. The patterns of these specimens, namely
Escapula Ana, 4ANA75 and Patiras are single phase because satisfac-
torily described using the structure factor of monoclinic apatite,
precisely fluorapatite. Following Elliott et al. (1973) we have adopted
a monodinic description of the unit cell (Space Group F2,/c, 4

Escapula ANA
S W5 4ANATS
<
&
= ]
> Patiras
o)
[ =
L v
=
= Synthetic HAp
*

on-fossil bone

.”Il-—

20 40 B0 B0 100 120
Scattering angle 26

Fig. 1. The XRD patterns (data points) and the Rietveld fit (full lines) for the five
speecimens. For all spedmen just the monocline structure factor of natural apatite has
been employed. The non-fossi] bone at the bottom involves Bragg peaks broader than
the four other cases due to the small arystallite size (. 170 A) and high latrice disorder.
These effeds are partialy released in the synthetic hydroxylapatite and fossil
spicimens on acoount of growth mechanisms nvolving larger aystal size and loss of
lattice micmstrain
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Synthetic HAp

Fluorescence yield / arb. un.

Non-fossil bone
Mo
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Energy/keV

Fig. 2. A comparison of X RF spectra ofa modern animal bone (bottom ), synthetic apatite,
and three dinosaur single-phase (fluorapatite) bones. The synthetic hydroxylapatite
shows an element distribution more complex than the non-fossil bone, In additdon to
calcium, the dinosaur bones show at various levels remarkable presence of iron and
strontium as well as other trace elements.

molecular units) rather than the usual hexagonal cell of 5. G. PGs/m
with two molecules of hydroxylapatite because this appears to be
more stable from an energetic point of view. As a matter of fact, the
lattice parameter of the monoclinic phase ay (y refers to monoclinic)
coincides with that of the hexagonal phase ay (y stands for
hexagonal), but by, is about 2xay, gu=cy and Py =120" (lkoma
et al,, 1999),

Thus, the monoclinic unit cell volume V), is about twice that of Vy,.

Fig. 2 shows the XRF spectra of the same specimens reported in
Fig. 1.

| \4ANAT7S

a ==t
Patiras

e |
l\’)‘ynthe_i'lgimp_

Transmittance / arb. Un.

h_J

MNon-fossil bo\rTe—
4040 5[‘:0 SE:O 1[”‘301EIMT4:[D1 ﬂl:ﬁl BIUszD
Wavenumber / cm™!

Fig. 3. The FT-IR spectra of the specimens presented in previous figures. Beyond the
effects due to the phosphate molecular groups in the range 530-650cm™' and
900-1200 cm ', the non-fosstl bone shows a complex band envelope in the range
1300-1800 cm ' due w incorporated collagen and water, The later effects are
absent in the synthetic apatite while the fossils show presence of carbonates at
various levels in the 1350-1550 an ' region, The v, band of phosphates at lower
frequencies shows both a sharpening and peak intensity ratbo change at 570 and
604 cm—1 respectively, from non-fossil to fossil bones.
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List of the XRD phase analysis of the dinosaur specimens given in Table 1 complemented with average aystallite size, lattice parameters cell volume of monoclinic apatite structure
data and major and minor elements detected by XRE.

Sample code

Phase wis

Average
arystallite size
(A) (4 5%)

afh

{+0:001)

/A

[ .FA.

(£0002) (40001

¥
[+ 0105)

Ve2/A®
(+£03)

Elements
with strong
HRF peaks

Elemmts
with medium
HFF peaks

Elemenits with weak
XFF peaks

Sermat del Corb

Serrat-R2

Moli del Bard

La Penella

La Llau de Bas

Basturs Poble

Basturs Poble-07

Boiza

Peguera 1-Agols

Psm-Mila

Psm-Maite

Psm-Andres

Psm-Carles

CerroTadon

HTCO4-3

Yac-DaVad

Cormal de Marin
229

Losilla

Aras de Alpuente

La Ventura

Apatite 55%
Calcite 44%
Quartz 1%
Apatite 36%
Caleite 59%
Quartz 5%
Apatite 48%
Calcite 15%
Cuartz B%
Celestite 25%
Kaolinite 4%
Apatite 96%
Caleite 3%
Quartz 1%
Apatite G8%
Calcite 30
Quartz 7%
Apatite B1%
Caleite 128
Goehite 7%
Apatite 80%
Calcite 192
Cuartz 1%
Apatite 59%
Calcite 37%
Quartz 4%
Apatite 55%
Caleite 35%
Quartz 10%
Apatite 76%
Calcite 24%
Apatite 67%
Caleite 32%
Quartz 1%
Apatite 74%
Calcite 14%
Cuartz 7%
Kaolinite 5%
Apatite 82%
Calcite 18%
Apatite 2%
Calcite 8%
Quiart? [fraces)
Apatite 92%
Calcite 8%
Apatite 78%
Caleite 21%
Quartz 1%
Apatite H%
Gy psum 4%
Quartz 1%
Calcite 1%
Apatite 61%
Gypsum 35%
Calcite 4%
Apatite B1%
Caleite 19%
Apatite B8%
Dolomite 115
Galcite 1%
Apatite 79%
Calcite 21%
Apatite 93%
Galeite 7%
Apatite 40%
Caleite 332
Cuartz 19%
Kaolinite 8%
Apatite 58%
Calcite 47%
Apatite 62%
Caleite 29%
Quartz 9%

375

G633

740

367

330

559

581

449

612

326

G600

308

335

mn

361

i

306

347

300

99

328

592

5354

453

934

9358

9310

9337

9345

9362

9344

9361

9333

9334

934

9344

9369

9372

9368

9364

89373

9380

837N

9352

9335

9370

9347

9354

9344

18,759

18711

18774

18.757

18725

18.705

18771

18674

18759

18702

18758

18799

18,769

18798

18.780

18780

18771

18773

18793

18778

18,766

18.782

18778

18711

18.766

G.E97

G897

GO0z

G896

GBS

G897

6.900

G299

6900

G.204

6.897

6.890

G901

6902

6900

G904

6.898

G900

6900

G.A02

G904

6899

G594

6901

6.900

11890

12003

12011

12000

12005

11981

12001

11982

118989

120035

12003

11999

12030

12026

12024

12022

12022

12028

12023

12016

12011

12019

12015

11995

12002

39

5228

S21E

5230

5221

5240

5240

3232

523.1

5208

532

524.1

538

5251

5243

5245

5243

3246

5249

5139

5242

5247

533

5243

5238

Fela

G ke Sr

GLkReCu

Gk

ke PS5

PS5t

PS5

Srp

PFeSr

PSr

PSr

PSr

BS5r

B5r

PFesr

PFeSr

PFeSt

PFeSr

PMn

P.Mn

PY St

PStY

PFeSr

P5r

PCusr

PFe

BT Va Mo Ph Sy

M, Ni,Cu, Zn

STiVaMnCuZnAs

Ti.VaCrMnZn AsNb

TiVa O MrCuZn As )Y

TiMnCu, Y

Ti MY R, Cu Ni

TiVaCrMnY.Ni

Ti,Mn,CuPh.Y

TiNVa O MnCuwin Ge AsY

TLCrMnCuZnY

TiVaMn,Ph.Y

Ti,Mn,Y Rb.Cu/Ni

Ti,Mn,¥ Rb.Cu Ni

Ti,MnY Rb,Cu

TLMY Rb.CuNi

Cr.luAsSeY

CrValuAsSeY

VaCrMnCuPhZn

Cr,Mn, Ph

TiVaCrMn,CoY
TiVaCrMnY

Ti.Mn5rY Ph

M, Y Rb As

TLCeMnPh.Cu SeY
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Sample code

Phase wts

Average
crystallite size
(A) (+5%)

ah
{4 0.001)

b/A

c_.'A

{+0002) (+0001)

W

o

{-005)

Vi3
(+03)

Elements
with strong
HRF peaks

Elements
with medium
XRF peaks

Elements with weak
XFF peaks

El Collado
El Callado 1
Patiras
SAV-39

SAV-67

Camino

EAP 38

EAP 40-39

EAP 43

Comptadors Al

Todokella 1

Torre Julian

Al3

2ZANALZ

ZANAG1

2ANATT

4ANATS
Escdpula-ANA

Mas Rolg

El Maset
Manzanera

Mas de Rafael-2

a4z

Apatite 75%
Calcite 25%
Apatite 92%
Calcite 7%
Quartz 1%
Apatite 100%
Apatite 96%
Quartz 4%
Apatite B5%
Quartz 7%
Berlinite 1%
Kaolinite 7%
Apatite 67%
Kaolinite 25%
Quartz 8%
Apatite B0%
Calcite 20%
Apatite 94%
Calcite 1%
Goethite 4%
Quartz 1%
Apatite BB%
Calcite 125
Apatite 93%
Caleite 3%
Quartz 3%
Goethite 1%
Apatite Bo%
Caleite 24%
Quartz 8%
Kaolinite 2%
Apatite 98%
Calcite 12
Quartz 1%
Apatite 52%
Calcite 472
Quartz 1%
Apatite GE%
uarts 4%
Goethite 28%
Apatite 96%
Quartz 2%
Goethite 2%
Apatite 95%
Calcite 4%
Apatite 82%
Quartz 14%
Goethite 4%
Apatite 92%
Calcite 4%
Goethite 3%
Quiartz 1%
Apatite BEZ
Caleite 5%
Goethite 4%
Quartz 3%
Apatite 68%
Quartz 2%
Goetite 8%
Apatite 100%
Apatite 9%
Caleite 1%
Apatite 75%
Calcite 3%
Kaolinite 22%
Apatite B7%
Calcite 13%
Apatite B2%
Calcite 18%
Apatite 91%
Caleite 9%
Apatite 90%
Caleite 108
Apatite 26%

512

346

420

3%

457

437

2107

352

38

485

432

436

411

226

255

28

310

298

274

312
278

347

mn

3o

in

439

576

9340

9364

93481

9357

D3E3

89372

9377

934

0348

9345

9365

9365

9340

9355

9341

9349

89334

9392

9357

8340

9353

9376

9378

034

9365

8332

9366

9362

18711

18801

18796

18808

18E17

18735

18748

18787

18781

18796

18822

18823

18738

18757

18759

18776

18764

18735

18721

18741

18740

18813

18741

18725

18739

18739

18774

18742

G905

G802
G.AG7
G896
G, 897
GAS
629

G895

G.895

G854

G896

G894
6901
6596
6,895

G.895

GO0z

6596

GO0z

G895
G.E93
6901

6904

G298
G.E98
G.EG2
6297

6899
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11978

12008

12012

12004

12016

12010

12002

12006

12005

12000

12013

12006

11975

12025

12012

12011

119.80

12025

11992

11985

12005

12030

12004

11891

12007

11896

12022

11994

5237

5252

5241

5248

53253

5240

3247

5138

5238

5243

5257

5254

5243

526

5125

5235

3243

524.1

3240

334

5129

356

5247

5231

3244

382

3240

5245

Ca Fe

ke

G Fe

G Fe

ke

G Fe

CaFe

Ca,Fesr

G Fe

G Fe

Ga.Fe
G Fesr

G Fe

G Fe

GaFe

G Fe

Fe

BSr

P.FeSr

PY.Sr

F.Mn,5r

PSeY

StMnP

F.Mn

Sr.Mnp

P.Mn, 5S¢

P.Mn,Zn5r

Fe P50

P.Mn.5r

F5r,Mn

Psr

F5r

Par

Psr

F5r

PStY

Pa.Y
Y5r
P.Mn, Fe,5¢

PaeY

TV.CeMnCuseY P

VLo MnGeBrY

Y.owhMn

V.CrMnCu Phin

Ti.CrZn,PhY

TiV,G MnZnGe

¥ TiAsZn

TiZnPhAsY

AsY

Wby

TP, 5t Rb

TijGa

M Zn,NiY

SVCrZnphY

M, Cu 2 As Br.Y

Cr.PbY

Mn, CuZnAs Br.Y

Mn CuZn.fs BrY

Mn, CuZn As Br.Y

Mn, CuZnAs Br.Y
VorMnZnY
VinY

TV, G MnZnGe

TV,G M Cu
BPhAsCuZn
TiCu Hf

Ve MnGe Br

G MnSseY
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Table 2 (contmued )

Phase wLX afh

(+0001)

by
[+ 0.002)

Sample code Average
aystallite size

(A) (+5%)

e
(0001}

Elememts with weak
XRF peaks

Elements
with medium
XBF peaks

Elermemts
with strong
XRF peaks

¥ Ve 2ih®
(+005) (+03)

Caleite 725
Quartz 7%
Apatite 89%
Calcite 112
Apatite B0E
Calcite 195
Quartz 1%
Apatite 72%
Caleite 28%
Quartz 1%
Apatite 81%
Caleite 18%
Quartz 1%
Apatite 84%
Dolomite 15%,
S0+ Ca@D; (traces)
Apatite 70%
Goethite 24%
Caleite 4%
Quarte 7=
Apatite 85%
Galcite 15%
Quartz [fraces)

CL 56 406 9368 18732

La Cuba 398 934 18750

La Fita 415 9393 18,763

La Fita balsa 399 9386 18.745

Quroles 01 383 9366 18702

Quroles M 349 9330 18760

MC1-5 411 9351 18772

6898

G903

6903

6897

6895

6891

G893

12005 51389 G Y. PFe5Sr TIVMCrMn

11996 3239 PFesr TiVCrMn, Y

12029 5253 P5t Mn PhY

12032 537 Far M, PbCu Y

12020 5149 FSeY Cr,Mn,Pb

12008 5219 P.TiCrMn.Zn PhRhSe

12018 5230 FAr TiV,CrMn, PhY

The spectrum of the Patiras specmen closely resembles the results
reported for a dinosaur bone by PIXE analysis ( Goodwin et al., 2007)
both in terms of accessed energy range and of relative peak
intensities. This similarity suggests that the elemental information
from the emissions detected after irradiating the bones with particles
rather than electrons is actually very close.

In all spectra of Fig. 2, we easily recognize the Ca doublet and
the P peak at lower energies. In addition to these common features
there are differences in terms of elemental composition among the
modern bone (rhesus monkey), the synthetic hydroxylapatite and
the three single-phase fluorapatite fossil bone spedmens, on
account of the taphonomic and diagenetic processes to which the
fossil was subjected.

The multi-technique approach here used may lead to sensible
results from the physical point of view using just useful qualitative
hints about the composition of elements. In fact, the single-phase
character evidenced by the XRD investigation reported in Fig. 1 for
the three specimens here considered suggests thatCaatoms found by
XFF are divalent cations in the apatite lattice that may be substituted
by Sr, Cu and Fe during dissolution-reprecipitation processes like
evidenced by Kolodny et al (1996). Of course also monovalent K
cations may be involved in partial replacement of Ca, as well as the
other elements that were detected with low concentration like Cr,
Mn, Rband Y.

In Fig. 2 the peaks of 4ANA75 fossil attributed to Fe and Y are
stronger than in the Patiras specimen, Furthermore, the presence of
weak but appredable emissions due to Zn, As and Pb respectively,
have also been inferred from the curve calculated for best-fic

The case of Escapula ANA evidences an even more intense
contribution of the Fe and Sr ions that, of course, must replace
divalent Ca ions in the structure of fluorapatite at a considerable level
since it appeared as a single phase from the diffraction inspection
(Fig. 1),

A comparison of FT-IR spectra of these specimens, shown in Fig. 3,
supplies further interesting information about the chemistry of the
fossils.

The modern bone of the rhesus monkey (bottom spectrum) shows
the typicalv P03 ~ and v PO7~ IR vibrations of phosphates belonging
to apatite in the range from 530-650cm~' and 900-1200cm™'
respectively (Lebon et al, 2008, 2010). In addition to the phosphate
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groups, we can see in the range from 1300 to 1800 cm™' a multitude
of bands that may be related to the organic material and water
incorporated in the fresh bone (Tadic and Epple, 2004; Stathopoulou
et al, 2008).

With respect to the non-fossil bone, the spectrum of synthetic
hydroxylapatite (second curve from the bottom of Fig. 3) shows
actually an increase of the v, PO;~ splitting factor, which is
supplemented by the appearance of a shoulder at 633cm~', In
addition to this, for synthetic hydroxylapatite no important peak
envelope but only weak features indicative of residual carbonate and
humidity are observed in the range 1300-1800 cm ™' on account of
absence of organic matter and water.

Conversely, the spectrum of Patiras sample shows the 1, PO3 ~ and
vy PO3~ contribution from phosphates groups plus a broad feature
inthe range 1350-1550 cm ! that can be attributed to the presence
of COZ~ groups in the fluorapatite structure, In particular, the ratio
of the absorbance ofthe 15 CO3~ band at 1415cm ™" to thatof the 1, PO3~
band at 575 cm~"' is reported to be lineary related to the carbonate
content of the apatite.

A large amount of carbonate groups may be inferred from the
spectrum of specimen 4ANA75 where a very intense 13 CO3~ band is
observed. The appearance of this band isrelated to the narrow v; band
at875 cm ! also ascribed to carbonates (v CO37 ). Actually, it is from
such comparison that this specimen may be inferred as francolite.

The infrared spectrum of Escapula ANA specimen shows a more
conventional profile intensity of vibrational activities of the v, CO ~and
v3 CO3 ~ bands, with apparently sharper v4 PO3~and v PO§ ~ bands that
are difficult to relate to the relatively low average crystallite size extent
reported from XRD in Table 2.

It is worth to note that the v, PO3~ duster of bands in Patiras,
4ANA7S and Escapula ANA specimens are different with respect to
synthetic apatite and modern bone, and this may be related either to
fluorination of bones or ionic substitution by Fe and Sr for the Ca sites
in the apatite lattice, Fig. 4 is a more detailed view of the vy PO3—
bands of six spedmens (modern bone, synthetic hydroxylapatite,
Patiras, La Fita, La Cuba, A10) in the range 500-700 cm ",

The experimental data points of the envelope were fitted using
symmetric Pearson VI functions and the individual behaviour for each
component adjusted at the end of the best fit is reported in
correspondence of the maxima and shoulders. One can see that that
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Fig. 4 The v phosphate band envelope of FI-IR spectra for selected dinosaur bones
specimens, in comparison with modern bone and synthetic hydroxyapatite [ HA). With
respect to the features common to modern bone and synthetic hydroxyapatite, the fit of
each band evidence how fossilization invalves a band sharpe ning, a decrease of the two
intensity bands around 570 cm ! and the absence of any band at 635 em ', probably
on account of the OH group disappearance following fluontization.

for non-fossil bone the envelope may be actually described by four
partially overlapping bands whose total broadening is related to the
crystallinity index throughout the splitting factor SF (Stiner et al,
1995; Surovell and Stiner, 2001; Thompson et al., 2009).

The splitting factor envelope is sharper in the synthetic sample,
with emergence of one band shifted at 630 cm ™!, However, in the
case of fossils we clearly see that the band at 630 cm ™" is hidden and
that the envelope, though sharp, admit just three bands. Michel et al.
(1995) have attributed the phosphate band at 630 cm~" to the P-0-H
mode, so we can infer that the fluorination have completely removed
the hydroxyl group in our specimens, Conversely, the IR spectra of
enamel fossils of Michel et al. (1995) did show four modes of
absorption.

In complex substituted apatites it is customary to complement the
vibrational activity of the IR spectra with that from Raman (Thomas
et al., 2007} since some modes may be both IR and Raman active but
others may be only IR or Raman active (Penel et al., 1998). The micro-
Raman spectra of the set of spedmens previously discussed are
reported in Fig. 5 as raw data and turn out to be very different in term
of the signal-to-background ratio. It is known that Raman spectros-
copy investigations are usually difficult because of fluorescence
problems caused from impurities of a contaminated sample or from
the matrix surrounding an inclusion, Indeed, the best visibility of the
hydroxylapatite bands occur in the synthetic sample, while the
modern bone appears to be partially obscured by a background one
order of magnitude more intense (Antonakos et al., 2007). Yet, the
main bands belonging to biogenic hydroxylapatite are still recognized
as well as additional bands that we can attribute to the presence of
organic protein and water content, in agreement with the IR
observation. These bands are totally lost in a more intense background
in the case of the three fossils which have incorporated fluorine, as
indicated by the unit cell volume data from XRD. It can be seen that
new broad features are emerging in the range 1200-1900 cm—'
maintaining a certain degree of similarity. However, they are of
difficult assignment in view of the extended ion exchange suffered by
the spedmens as demonstrated by the XRF spectra of Fig. 2, to the
point of making useless any choice of the incident wavelength in
order to minimize the background contribution.
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Fig. 5 (See Figs. 1 to 3) The Raman spectra of the specimens studied by XRD, XRF and
FT-IR. Synthetic hydroxyapatite shows the best signal-to-background ratio, while the
fossils appear completely compromised by a strong fluorescence burying the modes of
fluorapatite, Very likely the background of the non-fossil modern bone is due to organic
protein and water content.

4.2. Multi techniques comparison of specific multiphase specimens

Despite the care used in the fossil unearthing procedure, cleaning
and sampling the compact part of the bone, the possibility of the
incorporation of clay minerals in the internal pore space of buried
fossil bones is always very likely, as demonstrated by the results of the
Povet specimen reported in Fig. 6.

The XRD pattern is described in terms of hydroxylapatite
component, accompanied by a large fraction of kaolinite and some
quartz. For the sake of completeness we have also reported at the
bottom of Fig. 6a the band of residuals, ie, the difference between
experiment and calculation at each data point. Of course both
kaolinite and quarz can be ascribed to the most common minerals
of embedding sediment and were likely incorporated into the bone
pore space.

The fluorescence spectrum in Fig. 6b shows that even this sample
contains Fe ions, as well as appreciable quantities of Sr and Y.

In addition to carbonate and phosphate bands of hydroxylapatite,
the FT-IR spectrum of Povet fossil ( see Fig. 6c) shows new bands at low
frequendes (470 and 540cm~'). We note that the principal
absorption frequencdies of crystalline silica are reported to occur at
1126, 809, and 452 cm~ ', respectively. Thus, only the latter band
appears to be appreciable since relatively unaffected by nearby peak
overlapping. Very likely the shoulder at 540 cm—' can be attributed to
frequencies from kaolinite (Balan et al., 2001).

Another interesting case is represented by Moli del Bard spedmen.
Despite the complexity of the data, the pattern was resolved by the
Rietveld method in a satisfactory fashion as it can be seen from the
best fit of Fig. 7a, which this time reports the bar sequence of peaks for
each contributing phase rather than the structure factor optimized
after the fic.

Beyond the “apatitic” phase, which is ca. 48 wt% of the spedmen,
we have evaluated numerically the presence of celestite phase at a
25 wr.% level, together with calcite, quartz and ca. 4 wt% of kaolinite.

The presence of calcite, quartz and kaolinite is ascribable to the
limestone and clay minerals typical for the sediment of the Tremp
basin, while the abundant presence of celestite is unusual compared
to other dinosaur bones.
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Fig & The XRD, XRF and FT-IR results of the Pover specimen (a) The bone is not anymore single phase apatite as the XRD pattern display s evaluable contributions from kaolinite and
guartz infiltrated from the nearby sediment. (b) In addition tocaldum and phosphorus from apatite, the corres pondent XRF spectrum highlights the presence of iron, strontium and
yirrium plus the weak contribution of first series transition elements. (¢ ) With respect to single-phase apatite, the FT-IR spectrum s anly slightly affected by the Si-0 modes of quarte

and kaolinite mainly at frequendes lower than 600 em ™\

As expected after XRD evaluation, the XRF spectrum of Moli del
Bard (see Fig. 7b) shows a strong contribution from the 5r Ko and KB
lines, and a weak signal of sulphur. Both elements are to be related to
celestite (5rS0;4). The strong contributions due to Fe atoms are not
mirrored in the XRD pattern by any oxide-hydroxides Fe-based
phases such as goethite and hematite.

In the XRF spectrum of Fig. 7b, we can appredate and possibly
quantify the presence of transitional elements such as Ti, V, Cr, Mn, Cu,
Zn, As. These elements are likely hosted in the lattices of the apatite-
like and kaolinite-like phases detected by XRD.

Despite the complexity of phase and elemental constitution
assessed by XRD and XRF, the FT-IR spectrum of the Moli del Baro
specimen looks rather “simple” again highlighting phosphate and
carbonate bands typical of francolite.

Of course, when using FT-IR investigations, the carbonate band can
be also ascribed to calcite because the technigue is molecular rather
than structure sensitive to the point that there is no sensible
numerical way to separate these chemically distinct contributions
from the envelope.

On the other hand the principal ranges of observed frequendes for
sulphates occur at 1030-1180cm ™' (strong bands) and at
580-670 cm™" (weaker bands) respectively (see Fig. 7c).

It may be deduced that the FT-IR technique is not able to
resolve properly also the bands of sulphate groups from those of
phosphates.
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As it is documented in the XRD pattern of Fig. 8a, gypsum was
found in high quantity together with some caldte in the HTCO4-3
specimen, which was extracted from a basin at least partially affected
by shallow-marine environment. The XRF spectrum of this specimen
(see Fig. 8b) shows, as customary for this bone fossil collection, the
appreciable presence of Fe, accompanied by Mn, Sr, ¥ and to a lesser
extent by V, Cr, Cu, Ge and Rb cations.

Of course the divalent cation of these elements can substitute for
Ca in the lattice structures inferred from the Rietveld refinement of
XRD pattems,

A further consideration deserves the FT-IR spectrum reported in
Fig. 8c. As noted before, the symmetry of sulphate groups makes their
vibrational bands to ocour close to those of the phosphate, creating
overlapping to the v, PO;~ band at lower frequencies as indicated in
the figure.

The combined XRF, XRD and FT-IR inspection of the Qurolles M
specimen supplies new appealing aspects. The XRD pattern refine-
ment reported in Fig. 9a shows that also in this case the bone
specimen is not single-phase. The fluorapatite-like phase (francolite)
is the most abundant, but is accompanied by ca. 24 wi.% of goethite
and small quantities of calcite and quartz.

The XRF spectrum in Fig. 9b displays a strong contribution from Fe
which appears even more intense than Ca. The presence ofa high level
of Fe inferred from XRF is in good agreement with the considerable
fraction of goethite detected by XRD.
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Fig. 7. Multi-technigue analysis carried out on a complex dinosaur bone specimen
ontaining several mineral phases, (a) The XRD pattern of Moli del Bard was resolved
with the contribution of five phases, among those the celestite appears exatic. The
corresponding XRF spectrum (b} Shows notable presence of strontium in addition to
the usual element distribution expected for bone fassils, (c) The FI-IR spectiim.

The FT-IR contribution in the frequency range reported in Fig, 9¢ is
limited to point out the occurrence of relatively weak carbonate bands
on account of the 4 wt.% amount of caldte assessed by XRD, while the
signals of goethite are not appredable here.

An important issue concerns the variability of phase and chemical
com position of bone specimens from the same gecological setting. This
comparison is reported in Fig. 10a, which shows the XRD pattern of
specimens Camino and EAP 40-39,

The upper pattern referred to the Camino specimen shows line
profiles from the fluorapatite sharper than in the EAP 40-39 specimen
at the bottom, reflecting a markedly different average crystallite size,
This comparison may be better evaluated across a narrower angular
26 range (30°-60") as reported in the plot of Fig. 10b.

The XRF graphs (see Fig. 10c) show a similar elemental
distribution, with notable presence of Fe and Sr. The corresponding
FT-IR spectra (Fig. 10d) show the presence of carbonate bands in the
range 1350-1550 cm ™" at different level of concentration that can be
correlated with the calcite content from XRD quantitative phase
analysis.

Finally, we like to show the micro-Raman spectra obtained by
closing the confocal hole and defining a smaller collection volume in
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Fig. B. (a) The XRD pattern of HTCO4-3 spedmen showing in addition to francolite a
considerable amount of gypsum and some calate. (b) The XRF pattern shows the
presence of imn species together with manganese, strontium and yeerium plus other
elements in lower quantity. (¢} The FT-IR absorption bands of gypsum are easily
recognizable as indicated by arrows and may affect the v phosphate band

order to spatially locate and appropriately distinguish the secondary
mineral infilling in fossil bones. In particular, we have surface mapped
a portion of the Torre Julion sample. The peak of the Raman spectrum
in the range 1072-1101 cm ™" reported in Fig. 11 (a) was integrated
from the visible image of the selected sample area in Fig. 11 (b) thus
allowing to define the Raman microscopic image shown in Fig. 11 (c).
Indeed, the integration peak originates from carbonate modes
belonging to calcite, as it was also confirmed by the Rietveld analysis
carried out in the Torre Julion specimen.

Raman imaging of the selected area suggests that the calcite phase
precipitates justas a surface crust around the haversian canals of the
bone,

5. Discussion
5.1. Quantitative evaluation of phases
Table 2 collects the main phases of dinosaur bones found by the

XRD investigation with their quantitative estimate according to the
Rietveld method, the cell volume of the supposed "apatitic” phase, its
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Fig. 9. (a) The XRD pattern of the Qurolles M specimen with the contribution of the
goethite phase, (b} The XRF spectrum shows a contribution from the iron lines stronger
than those of caldum due to the high content of goethite | 24%). (c) The FI-IR spectrum
displays the higher intensities of molecular carbonate groups of francolite while the
contributions of other molecules is difficult to extract.

average crystallite size as well as major and minor elements detected
by XRF.

Concerning the phases constituting the fossil bones, a high
variability can be pointed out among the various samples. The most
frequent phases in the samples studied are mostly fluorapatite, quartz
and calcite. The Moli del Bard specimen represents the maximum
complexity in terms of five minerals detected simultaneously by XRD.

The apatite phase content in the various specimens varies because
of the number and amount of the other secondary mineral phases
present, ranging from a minimum of 26 wtX for the sample CL 42, up
to 100 wi¥ in the case of the samples Escapula Ana, 4ANA7S and
Patiras.

These specimens were found in the same sedimentary basin and
geological formation made up by clay sediments so it may be
suggested that cday minerals constitute an alkaline environment
equally suitable as limestone for the best conservation of bone as a
single apatite phase, apart from the quick degradation of the organic
phase and the well-established fluorine exchange reaction.

However, the presence of days does not preserve the single-phase
property of all fossils necessarily, as it follows from the mineralogical
phase constitution for the other specimens of the same basin.
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Quartz normally derives from the embedding sediment and rarely
is an authigenic mineral Conversely, the presence of calcite as an
authigenic mineral is common in many fossil sites (Hubert et al,
1996; Astibia et al, 2005) and may infill in bone voids or deposit at the
surface as a thin and white crust. Our evidence at a micro-scale level
from confocal Raman shows thatcalcite occupies the haversian canals.

In the further specimens here investigated we have also
determined several other phases such as kaolinite (25wt%
[Al;S5i;05(0H)4 ], Povet specimen), goethite (24 wt% FeOOH, Qurolles
M specimen), celestite (25 wt% SrS0,; Moli del Bard spedmen),
gypsum (35wt [CaS04-2(H.0)], HT-CO4-3 specimen), dolomite
(15 wr¥. [CaMg(CO5)z]. Qurolles @i specimen) and berlinite (1 w3
AlPD,Sav 67 spedmen ).

It is clear that also the presence of these phases may be ascribed to
the mineralogic features of the sediment, Particularly, the Mol del
Baro site is different from the other sites in terms of deposition
environment. The sediment consists of fossiliferous black mudstones,
rich in plant remains (including leaves and remains of charred wood )
and thin layers of micro-conglomerates, It represents a deposition in
an abandoned meander. The presence of the plants, the dark-gray or
black color indicates conditions of lack of oxygen in bottom waters,
typical of stagnant water bodies. The dinosaur remains, especially
hadrosaur bones, are not frequent but they are very well preserved
(Gaete and Galobart, 2002).

The molar volume Vy,/2 of each monodinic cell of the apatite-like
phase is varying from a lower value of 520.9 A% (BF 07 sample) to an
upper value of 525.7 A® (Comptadors-A1 specimen). This is consistent
with the literature data referred to fluorapatite that supply several
unit cell volume values ranging from 522,18 A” o 528.41 A%,
respectively (McConnell, 1973; Hughes et al., 1989).

Even the literature values of francolite range from a minimum of
518.73 A% to a maximum of 523.81 A’ (Sudarsanan et al, 1972;
Sudarsanan and Young, 1978; Perdikatsis, 1991) and scatter around
the values reported for fluorapatite. We have recently estimated that
fluorination of bone apatite is taking place in about 4-5Ma after
examining the unit cell volume change of biogenic apatite vs,
geological age, (Piga et al, 2009).

52. Crystallite size vs. age

The average aystallite size values obtained from the peak sharp-
ening of the apatite-like phase (Chipera and Bish, 1991; Bartsiokas
and Middleton, 1992; Person et al, 1995) in the XRD diagrams (see
Table 2) were obtained after correction for the instrument function
and after separation of the broadening function due to lattice strain,
The patterns of the three single-phase fossil bones given in Fig. 1 look
similar to the commercial hydroxylapatite synthesized in the
laboratory as they appear to have an increased average of the
crystallite size {from 28010420 A- see data of Table 2) larger than the
average value of ca. 170 +10 A normally found in non-fossil human
and animal bones { curve of the rhesus monkey at the bottom of Fig. 1)
(Piga et al, 2008), These values are found coherent with the observed
change in the Splitting Factor of the vy PO3~ band of the
correspondent FT-IR spectra even though the fluorination of apatite
modifies the shape of this band envelope to a certain extent

However, we have previously observed (Piga et al., 2009) that
the recrystallization process brought about by fossilization does not
occur homogeneously across the geological times, For example, for
the Camino and EAP 40-39 specimens, we have pointed out an
evident difference in the peak broadening of the two patterns, on
account of average crystallite size of 2107 A (100 A) and 382 A
(+£20A), respectively. Also, out of the three fossils consisting of
single phase apatite examined in Fig. 1, the larger average crystallite
size (ca. 410 4 20 A) is observed for the sample with the most recent
stratigraphic age.
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Fig. 10.(a) The XRD patterns of two bones from different dinosaurs sampled from the same geological unit (“Morela™ Formation ). The upper pattern of the Camfo spedmen shows
line profiles from the fluorapatite sharper than n the EAP 40-39 specimen at the bottom, reflecting markedly different average erystallite size of 2107 A and 382 A, respectively
(Table 2}, (b} This comparison may be better evaluated across a narrower angular range as reported in the right hand side plot (c) The XRF patterns show a similar elemental
distribution, with notable presence of imon and strontium in both specimens; (d) The corresponding FI-IR spectra show the presence of carbonate bands in the range 1350-

1550 cm

In Fig. 12 we report the average crystallite size for apatite of our
samples as a function of age in the range 150-65 Ma, ordered
according to their geological age, showing the absence of correlation
between average crystallite size and age.

The unpredictable change of the average crystallite size values and
SFs suggest that correlation between crystallisation indices and bone
age has to be regarded with obvious caution, as it was suggested by
Person et al. (1995, 1996) and Farlow and Argast (2006).

In our previous study (Piga et al, 2009), we have, however,
observed a positive correlation between average bone apatite crystal
size and specimen age in another set of fossils ranging in age from the
Middle Triassic { around 245 Ma) to present. From the present data it
seems that the crystallization induced by just the time is overlapped
by other factors depending on the geological Formation that may
inhibit (e.g., 44NA3 sample) or enhance the process.

The Camino specimen stands out of any general rend as an outlier
since we do not ohserve an apatite crystallize size that exceeds 740 A
(Moli del Bard spedmen) for all other dinosaur bone specimens.
Beyond diagenesis the large crystallite size of ca. 2000 A might be the
result of fire exposure to which this dinosaur bone was possibly
subjected. In fact, similar high values for the average apatite crystallite
size have been reported only for human bones incinerated in a
temperature range of 900-1000 °C (Piga et al, 2008, 2010).

53. Element distribution and solid solutions

It should be pointed out that, apart from the Ca lons, XRFinvariably
shows the presence of Fe ions in the fossils, even if this is not always
mirrored in the corresponding XRD diagrams by evident Fe-based
phases.

For example, the Escopula ANA spectrum reported in Fig. 2
(top pattern) shows a large amount of Fe but appears to be single-
phase francolite in the corresponding diagram of Fig. 1. This suggests
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! at different level of concentration that can be correlated with the clcite content from XRD quantitative phase analysis.

that the mere element distribution from XRF fluorescence analysis
alone may not be helpful for a precise account of the fossil diagenesis
involved even applying microscale investigations. After this compar-
ison, the strong presence of Fe may be ascribed to a substitution of this
element for Ca in the francolite structure. In analogy, for the Povet
specimen (see Fig. 7), the presence of Fe assessed by XRF and the
absence of any Fe-based phase indicated by the XRD investigation can
be compatible with substitution either for Ca by Fe ions in the apatite
lattice or for Al in the kaolinite phase.

Of course the correlation between Fe found by XRF and goethite
phase is immediate in cases like that shown in Fig 9, Goethite is the
only Fe-based phase observed by XRD in our collection of samples
(predsely in 8 specimens) and was also reported previously in other
dinosaur bones, though not evaluated quantitatively (Elorza et al,
1999). Its presence was attributed to a hydromorphic process because
of seasonal variations of the ground water level. It is also possible that
the specimens showing high amount of Fe in the XRF spectra but no
Fe-based phase in the correspondent XRD pattern may actually
contain limonite, i.e., amorphous FeOOH, that cannot be detected by
diffraction unless an approximate presence larger than 25 wt¥.

Presence of goethite and calcite together occurs just for 2ANA77,
3ANA58 and La Llau de Bas specimens and is thought to be possible
only under oxidising conditions, whereas the precipitation of pyrite
and calcite under redudng conditions and the later oxidation of pyrite
to hematite is more common ( Pfretzschner, 2001; Wings, 2004). In
several studies, the presence of hematite and other Fe-oxides in the
samples were interpreted as the result of weathering of pyrite (e.g.
Wings, 2004 ). Two further ways of Fe-oxide formation in fossil bones
are suggested by Pfretzschner (2001). The first mechanism is likely
restricted to early diagenesis and occurs after the oxidation from
ferrous to ferric Fe, preserving the histologic structures without
replacement of adjacent bone by the Fe oxides. The second possibility
occurs via precipitation due to OH change. This is restricted to later
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of age in the range 150-65 Ma, ordered according to therr geologic age. For the analyzed
dinosaur bones the recrystallization of the apatite during fossllization seems not 1o
ocur progressively with time. However, the locl aphonomic conditions or geological
environment can have a significant mfluence on aystallite size as evidenced by the
Camino specimen (arcked in red). See text for detailed explanation.

124

diagenesis and a considerable replacement of bone matrix by Fe-oxides
and,for hydroxy-oxides is expected as in the case of pyrite oxidation.

6. Conclusions

The precse understanding of diagenetic and taphonomic process-
es to which dinosaur bones were subjected requires a multidisciplin-
ary approach, taking into account the potentialities and limitations of
each analytical technique employed. Particularly, we have used XRD,
XRF and FT-IR methods in combination supplemented by confocal
microscopic Raman images to investizate a collection of Spanish
dinosaur bone specimens being 150 to 65Ma to characterize the
fossilization in terms of chemical and mineralogical composition,
crystallite size, precipitation and infiltration, exchange reactions
involving atomic and molecular ion species.

From the crystal lattice parameters of the apatite phase determined
by powder XRD, itemerged that these fossil bones invariably underwent
a post-mortem transformation from bicapatite (hydroxylapatite) to
authigenic francolite { fluorapatite) structure, The XRF spectra collected
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in the energy range from 1.5 to 18 keV supplied analysis profile spectra
with the expected presence of Ca and P as major elements. In addition,
the presence of carbonate groups substituting for the phosphate group
in the hydroxylapatite-like structure was definitely assessed for the
single-phase specimens by FT-IR spectroscopy. For a large number of
specimens the presence of secondary quartz and calcite phases were
frequently observed while dolomite was found in just one spedmen.
The average crystallite size of the apatite-like phase ranges from 183 A
to 2107 A and varies unpredictably in the analysed specimens,
inhibiting a correlation with fossil age. In all the fossils examined,
varying levels of Fe were detected by XRF that may be present in the
goethite phase FeDOH. However, no presence of other Fe-bearing
phases such as pyrite, hematite or magnetite was observed. For the
specimens that displayed considerable amount of Fe but absence of any
Fe-bearing phase in the XRD spectra, the analysis suggested that Fe
divalent cations may have substituted for divalent Ca cations in the
francolite structure even at a considerable concentration level (up to
12%) and without significantchanges in the unit cell volume. Frequently
the major elements Ca and P were also accompanied by varying
amounts of ransitional elements such as Ti, V, Mn, Cu, As, Rb, ¥, Sr and
Nb, to list the most frequently encountered. In particular, the level of Sr
was occasionally found in relatively elevated concentrations. Likewise
Fe ions, in the absence of specific Sr-based phase it is possible that a
considerable amount of Sr substitutes for Ca ions in the structure of
francolite. However, in selected cases we have documented remarkable
presence of the Sr sulphate ( celestite) phase.
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In the development of the current thesis we have addressed two different
although very related topics: analyzing and differentiating the microstructural changes
in the bones due to the heat treatment and/or to diagenesis and fossilization processes.

During the study of several human skeletal samples, we have observed that some
bones show modifications in colour, texture and morphology that could be interpreted
as alterations due to heat exposure. However, colours may also be due to bone
interaction with environmental materials. After burial, bone may be altered and may
change colour as a result of soil composition, sediment pH, temperature or moisture,
and the changes may occur in the bone tissue as ionic substitution.

Thus, we need techniques that permit us to distinguish between diagenesis and
thermal treatment and, if possible, that differentiate the various partial thermal
exposures. However, as human skeletal materials showing this kind of treatment are
unique, these techniques should be as non-destructive as possible.

To address this type of analysis we used different physico-chemical and
spectroscopic techniques that have produced important results, which can be applied in

various forensic, archaeological and paleontological contexts.

5.1: Burned bones

5.1.1: evaluating the applications of physico-chemical techniques in Forensic Sciences.

The ability to distinguish between cremated human remains (cremains) and other
materials of similar appearance can be of great importance in a variety of forensic
situations. The Tri-State Crematorium incident in Noble, GA, USA (Markiewicz, 2005)
is a most leading and meaningful example.

In early 2002, it was discovered that rather than performing the cremations
contracted, the owner of Tri-State was dumping bodies unceremoniously around the
property. More than 330 bodies were eventually recovered, while the urns many
families had received often contained cement dust, silica, rock or other materials. To

confuse matters, most bodies received prior to a certain date were actually cremated,
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and later on, some bodies may have been sent to other facilities for proper cremation.
Hundreds of families were uncertain as to the contents of the urns in their possession.

In particular forensic scenarios non-skeletal inclusions, such as surgical
materials, dental restorations and identification tags can survive to cremation and it can
be very useful for identification (Murray and Rose, 1993; Schultz et al., 2008).
Therefore, other methods are needed for this inspection.

X-ray diffraction (XRD) spectrometry is one of the most powerful analytical
tools available for identifying unknown crystalline substances (Jenkins, 1996). since
each crystalline structure compound has a unique diffraction pattern, XRD is able to
identify the crystalline compounds present in the sample,

By comparing the positions and intensities of the diffraction peaks against a
library of known crystalline materials, samples of unknown composition and mixtures
of materials can be identified and quantified.

Crystallographically, apatite is easily distinguished from the commonly used
filler materials, such as concrete or sand. X—ray diffraction has several advantages to
many of the other methods currently employed for cremains identification. It is not
destructive, which means that the same sample can be examined several times by
various laboratories, if necessary, and little to no sample preparation is required. If the
sample is identified as being cremated remains it can be returned to a family in
essentially its original condition.

There are cases in which a heat treatment is not particularly clear, which may
entail an erroneous line in the investigation of the events. In these circumstances it is
particularly useful to analyze the possible structural changes occurring in the bones
through of spectroscopic (FT-IR) and physico-chemical techniques (XRD).

Bone structure is altered when exposed to heat. Some physico-chemical
methodological approaches have been advanced specifically for burned remains (e.g:
Rogers and Daniels, 2002).

A means to estimate the temperature and duration of a forensic burning event,
focussing on the microscopic changes in bone and teeth and using powder X—Ray
diffraction has been developed (Piga et al., 2008b; 2009b). This technique is particularly
appropriate for events within the temperature range 200°C—1000°C for a variety of

burning times. This range includes most forensic scenarios, although it should also be
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noted that this range would also include most archaeological scenarios too and this
methodology, supported by other chemical-physical and spectroscopic techniques,
would be applied in those contexts.

The growth process undergone by the hydroxylapatite crystallites in the
mineralogical phase of the bone samples follows a logarithmic sigmoid trend with a
characteristic temperature around 850°C, as was determined with the four duration of
burning times adopted here. This can be used not only to determine whether hard tissues
have been burned, but also to suggest the temperature and duration of that burning
event. In the thermal treatment of 0 min, the growth rate parameter p seems to be higher
than in the results from increased periods of exposure. Thermal treatments for 60 min
anticipate about 100°C the growth effects that are otherwise observed after treatments
for 0 min.

In the case of teeth, the growth phenomena induced by firing are again described
with a logistic type function with a characteristic temperature of 841°C, very close to
that of bones, in spite of typical fragmentation induced in the temperature range 700°C-
750°C. However, the average crystallite size of hydroxylapatite in untreated teeth (224
A) is significantly larger than in untreated skeletal bones (ca. 170 A),. Alternatively, the
average size of hydroxylapatite crystallites from burning above 900°C is larger in bones
than teeth. This suggests that the two types of natural bioapatite need to be compared to
their specific calibration curves when the precise estimation of a fire temperature is
desired, and that one curve for all hard tissues is not advised.

Also FT-IR technique can distinguish non-burned from low intensity and high
intensity burnings (Thompson, 2009; Piga et al., 2010a). It is clear that the Crystallinity
Index or Splitting factor (SF) can make a useful contribution to the study and
interpretation of burned bones from archaeological and forensic contexts (Thompson,
2009). The combined use of these techniques provided much more information
regarding the changes to the crystal and elemental structure of bone during the process
of burning, and it is these changes (dubbed primary-level changes: Thompson, 2004)
that have been shown statistically to provide the greatest chance of predicting the
specifics of the forensic burning event (such as, temperature of fire, duration of burning,

etc.) from the remains themselves (Thompson, 2005).
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We are confident that the techniques described here can be honed for use as a
more accurate determinant of crystallite change during heating, thus providing an
additional means of determining the effects of heat treatment on biogenic

hydroxylapatite or tracing burning practices in the forensic and archaeological records.

5.1.2: evaluating the possibility of a multi-technique approach by XRD, SAXS and FT-

IR for the analysis of burned archaeological bones.

The Fourier transform infrared spectroscopy (FT-IR), small-angle X-ray
scattering (SAXS) and X-ray diffraction (XRD) techniques are important tools for the
in-depth study of bones whose structure has been modified by heat exposure or
diagenesis. They are non-destructive complementary physical techniques that can
identify crystalline compounds, provide the morphology of the bone constituents on
Angstrom scale, and determine the morphology as well as the fractal dimension on the
nanometre scale.

We have made a combined use of these three techniques on six bones with
different intensities of burning, belonging to the necropolis of S’lllot des Porros
(Majorca, Spain), in order to evaluate the thermal treatment which samples underwent.

Our results show that:

a) The peak broadening and average crystallite size of XRD patterns are
indicative of the different thermal treatment to which the bones were subjected. On the
basis of a previous calibration (Piga et al., 2008b; 2009b) it was shown that similar
apatite crystallinity changes can be related to a fire treatment to which presumably the
bodies were subjected and the possible temperature.

b) Infrared spectroscopy is an efficient tool to access the composition and
structure of bone mineral matter modifications during heating. The splitting factor (SF)
calculated on FT-IR spectra allow the evaluation of hydroxylapatite crystallinity. Our
data confirm findings about the thermal treatment samples undergo; the shoulder at ca.
634 cm’ for the less “crystalline” specimens is replaced by a further peak in the
specimens which appeared to have been treated at higher temperature. In fact in our

previous calibration of FT-IR spectra it was established that the appearance of the
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shoulder at ca 634 cm™ indicates fire temperature between ca 700 and 800°C and
persists until 1000°C (Piga et al., 2010a). Estimates temperatures obtained with the two
techniques, according to our previous calibrations (Piga et al., 2008b; 2009b) are almost
concordant, except in a few cases. These differences do not exceed 100°C and are not
significant. These differences do not exceed 100°C and are not worthy of further
interpretation since they may be thought to coincide within their experimental
uncertainty.

¢) SAXS provides evidence complementary to that generated by XRD in the
characterisation of heated bone. Fine-scale changes in crystallite size and shape that are
not measured directly using XRD are readily elucidated using SAXS, however, and
therefore changes in the crystal structure that may not be readily apparent otherwise
become more clear.

Thus, the combined used of those techniques is a powerful tool to assess whether
the bones have subjected to fire and, with fairly good reliability, to which temperature

(Piga et al., 2010D).

5.1.3: applying physical-chemical analysis to different archaeological contexts in order
to verify if a bone has been burned or not; finding explanations to some specific
funerary rites, getting a reasonably precise temperature range and its duration across

the entire body; checking temperature homogeneity throughout the skeleton.

One of the major goals of this thesis concerns the application of physico—chemical
techniques in archaeological and anthropological contexts of particular interest. In this
sense the necropolis of S’lllot des Porros (Majorca, Spain) represent an emblematic
example of how the physico-chemical approach can be useful and appropriate.

All the cremated bones have been found in three different funerary chambers of
the necropolis and were attributed at least to 67 individuals (out of a whole of 285). The
bones differ in texture and colour, and seem to have been exposed to different thermal
degrees.

Our results allowed us to:

133



The use of spectroscopy and diffraction techniques in the study of bones and implications in Anthropology, Palaeontology and Forensic Sciences.

a) Describe all the burnt bones structurally using the X-—ray diffraction (XRD)
partially supported by Fourier Transform Infrared (FT—IR) techniques that differentiated
the various degrees of thermal exposure.

b) Give a ritual interpretation of the results obtained; more specifically: the C
chamber, the most ancient and with the largest number of inhumated individuals,
contains the smallest number of remains that were exposed to fire and just in one case it
seems possible to attribute a real high-temperature cremation. Chamber A appears to
have lodged high-temperature cremations, while the cremations in chamber B appeared
to be carried out at lower temperature.

In these chambers cremations at high and low temperature appear to belong to
the lower layers together with some inhumated bodies that matches with a cleaning
ritual at low temperature. Thus, the basic distinction between cremations at high and
low temperature allows us to suggest very distinct rites, the first one involving a special
treatment of the body during the funerary rite, the second likely following a treatment to
the chamber rather than to the bodies themselves.

c) Determine for the first time in the Balearic prehistory when the funerary

practices involving fire were introduced in relation to specific historical events.

Another extremely interesting case concerns the Phoenician-Punic Necropolis of
Monte Sirai (Carbonia, Sardinia, Italy). In this necropolis there is a wide archaeological
documentation about different and peculiar funeral rites (Piga et al., 2010a; Guirguis et
al., 2010, 2011).

The case of grave 252 is particularly important for two reasons: the individual
was cremated in a prone position (this is the first case of prone cremation reported in the
literature) and the exceptional state of preservation of almost the entire skeleton. This
allowed us to apply a combined use of FT-IR/XRD techniques on representative
samples of the whole body in order to analyze the distribution of temperature and to
determine the possible existence of a central focus.

The results obtained through the techniques of XRD/FT-IR, according to the
methodology established by Piga et al. (2008b, 2009b, 2010a) and Thompson et al.
(2009, 2010) for both techniques and their application on burnt remains (Piga et al.,

2010b; Squires et al., 2011) converge to similar values of temperature. Data obtained
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with the two techniques are almost concordant, except in a few cases where the
temperatures obtained with the analysis of X-ray diffraction are a little higher.

We conclude that the skeletal remains of Monte Sirai have been treated with fire
in a temperature range of 1000°C, across the whole of the body, while some specific
parts may have been subjected to lower temperature values (e.g. 700°C) because of
uncompleted combustion processes related to insufficient oxygen that would have
created a reducing, rather than oxidizing atmosphere and/or to a dynamics of the fire

influenced by the contact of the body with the wood branches (McKinley, 2000).

5.1.4: assessing whether the lattice parameters of bioapatite obtained by XRD data are

helpful when trying to distinguish human bones from animal bones.

Our work addresses an important archaeological and forensic question i.e.
whether animal and human bones may be distinguished by powder X-ray diffraction
following heating. Beckett et al. (2011) reported in a recent paper the possibility of
determining the human rather than animal origin of bone from the lattice parameters of
the inorganic bioapatite phase subjected to a high temperature heating treatment.

Our large availability of animal and burned human bones supplies an excellent
opportunity to exploit this topic thoroughly.

The study addresses a number of important points:

a) Bones typically give broad XRD lines unless heated so it is only possible to
compare human and animal bones that have had substantial pre-treatment.

b) The a-axis and c-axis values of bioapatite are not biased by the use of a P2,/b
monoclinic rather than P63;/m hexagonal unit cell.

c¢) The chemistry of bone material changes significantly on heating.

d) The apatite unit cell axis can be affected by ion exchange reactions occurring
post-mortem such fluorination during diagenesis or chlorination during boiling the
bones in salted water for cleaning.

All of these factors mean that there are a large number of variables to consider

and strongly support our conclusion that it is not easily possible to distinguish animal
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and human bones on the basis of powder diffraction patterns, and any such claims to be

able to distinguish animal and human bones should be treated with caution.

5.2: Fossil bones:

5.2.1: applying the physical-chemical analysis to evaluate the diagenesis of fossil bones.

Over the last 30 years, many research articles have focused on the
microstructural study of fossil bones and in particular those of dinosaurs (e.g Elorza et
al., 1999).

Using different techniques, a number of studies have dealt with the fossil
diagenetic features of bones, especially the diagenetic changes that transformed
biogenic bone tissue to francolite (carbonate fluorapatite) crystals while preserving pm-
scale organic structures (see Zocco and Schwartz, 1994; Hubert et al., 1996; Kolodny et
al., 1996).

The precise understanding of diagenetic and taphonomic processes to which
dinosaur bones were subjected requires a multidisciplinary approach, taking into
account the potentialities and limitations of each analytical technique employed.

Accordingly we have investigated the microstructural features and the
mineralogical diagenetic changes, as well as the chemical fingerprint, of 60 Spanish
dinosaur samples from Upper Jurassic/Lower Cretaceous to Upper Cretaceous age.

On the basis of our study we draw the following conclusions:

a) From the crystal lattice parameters of the apatite phase determined by XRD, it
emerged that these fossil bones invariably underwent a transformation from bioapatite
(hydroxylapatite) to authigenic francolite (fluorapatite) structure.

b) The most frequent phases in the samples studied are mostly fluorapatite,
quartz and calcite, but we have also determined several other phases such as kaolinite,
goethite, celestite, gypsum, dolomite, and berlinite. It is clear that also the presence of

these phases may be ascribed to the mineralogical features of the sediment.
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c¢) The average crystallite size of the apatite-like phase ranges from 183 A to
2107 A and varies unpredictably in the analysed specimens, inhibiting a correlation with
fossil age.

d) The v4 phosphate band envelope of FT-IR spectra for selected dinosaur bones
specimens emphasizes how fossilization involves a band sharpening; we note a decrease
of the two intensity bands around 570 cm™ and the absence of any band at 635 cm™,
probably on account of the OH group disappearance following fluorination.

e) The XRF spectra show the presence of major elements such as Ca and P, also
accompanied by varying amounts of transitional elements such as Ti, V, Mn, Cu, As,
Rb, Y, Sr and Nb. In particular, the level of Sr was occasionally found in relatively
elevated concentrations. Likewise Fe ions, in the absence of specific Sr-based phase it is
possible that a considerable amount of Sr substitutes for Ca ions in the structure of
francolite.

f) XRF invariably shows the presence of Fe ions that may be ascribed to a
substitution of this element for Ca in the francolite structure when it is not involved in

specific iron-based phases.

5.2.2: evaluating the use of average crystallite size as dating method.

The apatite crystallinity is used to differentiate the degree of diagenesis in fossil
specimens. Compared with “fresh” modern bone, fossil bone shows increased
crystallinity (Schoeninger et al., 1989; Sillen, 1989; Hedges and Millard, 1995; Sillen
and Parkington, 1996; Elorza et al., 1999; Lee- Thorp, 2002; Reiche et al., 2002; Farlow
and Argast, 2006) reflecting changes in apatite crystallite size and strain, as well as
incorporation of F into, and loss of CO5*" from the apatite crystal structure. Crystallinity
can increase in bones exposed on the surface of the ground for several years (Tuross et
al., 1989), but a time scale of millennia is generally necessary for much crystallinity
change in buried bone (Sillen, 1989). We have recently estimated that fluorination of
bone apatite is taking place in about 4-5 Ma after examining by XRD the unit cell

volume change of biogenic apatite vs. geological age. (Piga et al., 2009a).
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Warmer burial temperatures probably result in increased crystallinity, as do
other diagenetic modifications of bone (Hedges, 2002). Tooth enamel shows less
change in crystallinity between modern and fossil specimens than does bone (Ayliffe et
al., 1994; Michel et al.,1996).

Crystallinity is frequently quantified by X-ray diffraction and infrared
spectroscopy as these methods are sensitive to structural order (Rogers et al., 2010).

Bartsiokas and Middleton (1992) suggested that numerical indices of bone
crystallinity could be used to determine the relative ages of archaeological and
paleontological bone samples up to ages of about one million years. Sillen and
Parkington (1996) likewise found a relationship between bone crystallinity and age, but
only for bones up to about 20,000 years old. Over a time scale of thousands to millions
of years, Person et al. (1995, 1996), however, found no relationship between bone
crystallinity and age (also see: Hedges and Millard, 1995), and argued that crystallinity
changes occur in the earliest phases of inorganic diagenesis.

In our previous study (Piga et al., 2009), we have observed a positive correlation
between average bone apatite crystal size and specimen age in a set of fossils ranging in
age from the Middle Triassic (around 245 Ma) to present.

The average crystallite size for apatite of this dinosaur samples collection as a
function of age in the range 150—65 Ma, ordered according to their geological age,
showed the absence of correlation between crystallization process and age. From the
present data it seems that the crystallization induced by just the time is overlapped by
other factors depending on the geological formation that may inhibit (e.g., 44NA3 and
Camino samples) or enhance the process.

The unpredictable change of the average crystallite size values suggests that
correlation between crystallisation indices and bone age has to be regarded with obvious

caution.
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6: CONCLUSIONS
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In relation to the analysis of burned bones, we can conclude that:

1. The analysis of different contexts with burned bones permit us to affirm that the
physico-chemical techniques described here (XRD, FT-IR) can be used as a more
accurate determinant of crystallite change during heating, thus providing an additional
means of determining the effects of heat treatment on biogenic hydroxylapatite or

tracing burning practices in the forensic and archaeological records.

2. The combined used of XRD, FT-IR and SAXS techniques is a powerful tool to
assess whether the bones have subjected to fire and, with fairly good reliability, to

which temperature.

3. The application of these techniques to archaeological context is useful to verify if a
bone has been burned or not, find explanations to some specific funerary rites, get a
reasonably precise temperature range across the entire body, temperature homogeneity

throughout the skeleton and its duration.

4. It 1s not easily possible to distinguish animal and human bones on the basis of powder
diffraction patterns. A large number of variables have to be taken into proper account.
Therefore, any claims to be able to distinguish animal and human bones should be

treated with caution

In relation to the analysis of fossil bones, we can conclude that:

5. The combined investigations and analyses by FT-IR, XRD and XRF techniques
supplied detailed and to a certain extent satisfactory accounts of the post-mortem

integral changes to which the fossil bones have been subjected during geological times.

6. The crystallization induced by just the time is overlapped by other factors depending
on the geological formation that may inhibit or enhance the process. The extreme
variability of francolite average crystallite size values suggests that correlation between

crystallisation indices and bone age has to be regarded with obvious caution.
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